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Pyrotechnic  Shock 


Dr.  Sheldon  Rubin 
The  Aerospace  Corporation 
Los  Angelas  CA 


I  am  very  pleased  to  be  here  today  because 
pyrotechnic  shock  has  been  an  interest  of  mine 
for  many  years.  It  in  particularly  satltying  to 
me  that  the  interest  has  been  sustained  and  Is 
continually  increasing.  Pyrotechnic  shock  is  a 
very  lively  subject.  If  you  look  over  the 
program  at  this  meeting,  you  will  see  many 
papers  addressing  ore  aspect  or  another.  There 
were  a  number  of  papers  yesterday,  there  is  the 
workshop  today,  and  there  will  also  be  a  few 
papers  tomorrow  on  this  topic, 

I  would  like  to,  first  of  all,  give  you  a 
little  bit  of  history  as  to  how  this  workshop 
came  about.  The  format  of  this  workshop  is  a 
little  different  from  anything  that  has  been 
done  before  at  these  symposia,  and  we  are  all 
anxious  to  find  out  how  It  vlll  work  out.  In 
Hay  of  1995,  a  tutorial  an  pyrotechnic  shock  was 
held  on  the  day  after  the  annual  meeting  of  the 
Institute  of  Environmental  Sciences  at  t-aa 
Vegas.  That  tutorial  vas  very  successful .  I 
watt  -lasted  at  the  attentiveness  and  the  aoount 
of  discussion  during  that  lay.  Ve  had  perhaps 
50  or  (O  people  sitting  at  tables  not  too  far 
from  a  casino,  and  everybody  paid  attention  and 
enthusiastically  i»rt  tclpated  In  that  session. 

As  5:3$  ?.  M.  rolled  around,  we  had  to  think 
about  giving  the  rose  back  to  the  hotel  to  set 
It  up  for  that  evening's  function.  r<«pie  Just 
kept  on  talking,  so  the  chair  ear.  had  to  actually 
cut  off  the  discussion. 

At  the  very  beginning  of  'he  tutorial. 

Chuck  Hoenfng,  wh-a  was  Its  chairman,  ase«d 
several  questions  to  try  to  get  ctu*?  Idea  of  the 
experience  of  the  audience  on  the  subject  of 
pyrotechnic  shock,  the  design  of  ’he  tutorial 
Had  been  premised  on  talking  Vo  ndees  In  a 
teaching  w>4e.  To  get  aaa»  understanding  of  the 
real  situation,  one  of  the  questions  was:  Vbo 
th  here  has  had  less  tsars  S  years  experience  Is 
the  subject  of  pyrotechnic  shock?  Atdrut  1° 
percent  of  the  people  raised  theli  hands.  To. 
the  people  attending  were  generally  prlle 
experienced.  Th-e  thought  that  occurred  to  be 
afterward  was  that  tutorials  art  not  prelAbly 
what  are  needed,  aa  such  ax  a  works  hoy  where 


communication  could  take  place  between 
experienced  practitioners  in  this  fir-la.  And 
so,  the  idea  for  today's  workshop  was  born. 

When  that  idea  was  presented  to  the  Shock 
and  Vibration  Information  Center,  it  met  with  a 
very  positive  response.  The  next  step  wan  to 
create  a  questionnaire  which  we  sent  to  the 
participants  of  the  IES  tutorial  and  some 
others.  Questions  were  asked  like:  Would  you 
participate  in  a  workshop?  Would  you  be  willing 
to  isxke  a  presentation  at.  a  workshop?  The 
responses  to  these  questions  were  also  very 
favorable,  and  so  we  have  a  workshop  today. 

That  tutorial.  In  May  1985,  was  actually  a 
repeat  of  *  very  similar  tutorial  given  three 
years  ago,  and  sponsored  by  the  Orange  County, 
California  chapter  of  the  Institute  or 
Viivlroriwintal  Sciences.  In  effect,  today's 
workshop  Is  the  third  In  a  series  begun  by  the 
Institute  of  Environmental  Sciences  leading  to 
today ' 4  vorkskon.  All  of  those  workshops  were 
very  well  attended. 

I  eent'oned  to  you  that  l  have  been 
Involved  with  pyrotechnic  shack  off  and  on  for  a 
nwehar  of  years.  I  started  working  at  the 
Aerospace  Corporation  ??  years  ago.  Ky  very 
first  assignment,  I  think  the  second  day  I  got 
there,  was  to  go  back  East  and  discuss  a  test  in 
which  a  spate  vehicle  segment  was  cut  loose 
circumferentially  fr-'s.  structure  simulating  the 
prior  stage,  with  a  flexible  linear  Shaped 
charge.  A  number  of  electronic  "boxes"  were 
near  the  separation  plane,  end  there  resulted  a 
lot  of  chattering  and  transfe-  of  relays. 
accelerometers  were  »h«  test  article,  and 
there  van  grappling  with  how  to  quant  $ tat l ve.ly 
dsscrtbe  the  shock  event.  -1  typical  result  was 
1J0-9  g's.  9.?  millisecond.  This  referred  to  the 
fact  that  the  t‘s*?  history  cental  cod  a  tallest 
pulse  vtth  a  lbt-9  g  peak  acceleration,  and  that 
pulse's  -dural  1-tn  was  2,?  sd  il  Iseccnd.  T^e 
question-*  that  '  was  supf-oaed  Ve.  ad  dress  were; 
Were  thee®  data  real?  tr®  ’ he  thousands  of  g's 
reasly  real?  Vh-nt  ether  things  might  happen  to 
electronic  equipment  other  Van  re'ay  chiller? 
What  kinds  of  thl.sgs  should  we  be  concerned 
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about  in  these  "boxes?"  Hov  do  we  interpret 
these  data?  Especially,  how  do  we  qualify  our 
system  for  this  type  of  shock  event?  And 
finally,  when  problems  arise  such  as  the  relay 
problem,  what  do  we  do  about  them?  How  do  we 
correct  any  problems  that  show  up? 

Interestingly,  many  of  those  same  questions  are 
still  with  us,  and  they  will  be  addressed  in 
today's  workshop. 

Shortly  after  that  experience,  it  was  clear 
that  pyrotechnic  shock  was  a  serious  problem 
that  had  to  be  addressed,  fty  own  prior 
experience  had  not  involved  {yrotechnic  shock. 

To  ny  knowledge,  this  problem  was  not  known  to 
the  various  spacecraft  progam3  that  were  on¬ 
going  at  that  time.  first  big  chore  after 
this  was  to  create  a  briefing  for  management, 
project  managers,  and  up  to  the  Vice-Presidents 
of  the  Corporation,  to  tell  them  what  this 
pyrotechnic  shock  problem  vaa  all  about. 

Several  hundred  people  were  in  the  audience,  and 
most  of  them  had  backgrounds  in  electronics. 

Here  I  va3  trying  to  explain  what  a  shock 
response  spectrum  was,  why  this  was  the  moat 
sensible  way  to  describe  this  kind  of  event,  and 
that  it  should  be  used  os  a  haul*  for  creating 
test  specifications.  I  don't  know  how 
successful  I  was,  because  even  to  people  with 
backgrounds  in  dynamics,  the  description  of  what 
a  shock  response  spectrum  is,  and  what  it  means, 
is  not  always  clear.  But  apparently  1  succeeded 
in  at  least  identifying  this  as  an  laqrortant 
problem,  and  one  that  had  to  be  addressed.  K$r 
next  assignment  was  to  make  sure  all  the  then 
current  spacecraft  programs  were  made  aware  of 
the  problem  and  given  some  information  as  to  the 
kind  of  test  programs  that  slight  be  required, 
and  other  necessary  considerations. 

Because  of  sy  background  with  the  shock 
response  spectrum,  it  was  very  return!  for  ms  to 
reeotmsend  its  use.  As  a  graduate  student.  I  had 
worked  in  an  earthquake  laboratory  and  the  so- 
called  Earthquake  Spectrum,  which  Is  basically 
the  shock  response  spectrum  applied  to 
earthquakes  actions,  was  the  standard  technique 
for  describing  shocks  for  earthquake  structural 
engineering.  !  had  worked  in  this  lab, 
analysing  data,  converting  It  to  shock  ‘spectra, 
and  t  had  also  dona  some  research  along  this 
line.  I  had  written  In  the  Shock  and  Vibration 
Handbook  on  Interpretation  of  shock  records,  so 
It  was  easy  for  to  see  the  value  of  the  aback 
response  spectrum.  After  all  of  these  years, 
and  despite  the  legit  Saute  concerns  that  can  ir* 
raised  about  the  description  of  a  shack  event  in 
terms  of  a  shook  response  spectrum.  i  stilt 
think  It  Is  the  ansi  meaningful  deeer  tjvtor . 

There  are  some  other  aspects  one  has  to  deal 
with,  but  this  is  the  basic  descriptor  that 
rakes  the  mat  sense  to  meet  the  need  qualifying 
equipment. 

In  the  intervening  11  peers,  two  Military 
Standards  hare  been  created  which,  snetlfioally 
address  the  subject  of  pyrotechnic  shoe.*.  Hary 
of  you  are  familiar  wit.1-  .it),  "Test 

Seqy.1  Tenants  for  Space  Vesicles."  That  was  the 


first  one  that  dealt  specifically  with  the 
subject  of  pyrotechnic  shock.  Just  two  years 
ago,  revision  D  of  MIL-STD-filO  was  created,  and 
for  the  first  time,  it  specifically  addressed 
the  pyrotechnic  shock  environment.  That 
standard  addresses  environmental  guidelines  and 
test  methods.  I  was  involved  with  the  language 
that  appears  in  both  of  those  standards.  There 
is  considerable  similarity,  of  course,  between 
those  documents  even  though  MIL-STD-810  is  more 
of  a  methods  document  and  MIL-STD-IS1*®  is  not. 

One  of  the  considerations  that  came  up  very 
early  for  us  in  specifying  a  shock  response 
spectrum  was  that  it  left  open  the  possibility 
of  incorrect  application.  Given  a  particular 
value  of  Q,  and  we  had  selected  a  Q  of  ten 
somewhat  arbitrarily,  one  could  perform  a 
inusoidal  sweep  to  meet  a  shock  response 
spectrum  or  any  other  time  variation  you  could 
imagine.  This  was  not  really  the  intent.  The 
easiest  way  to  prevent  stretching  out  of  the 
excitation  was  to  put  a  limit  on  the  duration  of 
the  shock  event;  we  came  up  with  20  milliseconds 
as  the  aaxlaum  duration  for  the  event  as  a 
constraint,  in  addition  to  meeting  a  shock 
response  spectrum  requirement.  1  think  this  has 
worked  out  pretty  well.  During  the  rewrite  of 
MIL-STD-fllO,  which  went  on  for  several  years 
while  a  number  of  drafts  were  sent  out  for 
consent,  I  was  frankly  surprised  that  I  never 
heard  from  the  organizations  vho  provide 
analysis  equipment  for  the  shock  response 
spectra  or  who  provide  teat  control  equipment. 
They  didn't  seem  to  think  they  would  get  bitten 
by  this;  they  should  have  been  very  interested 
In  the  language  that  was  going  into  that 
standard  because  the  equipment  that  they  will 
provide  in  the  future  to  analyse  the  test 
shocks,  and  perhaps  to  control  the  teat,  will 
have  to  meet  certain  requirements.  I  am  not 
sure  all  of  that  language  has  sunk  in.  1  have 
heard  thinga  like,  "I  don't  know  what  MIb-3fO- 
810D  is  because  it  has  never  been  a  requirement 
in  any  of  our  programs."  It's  coming,  so  1 
recommend  ta  those  of  jw  who  are  intereated  in 
tyrotech-sie  shock  programs ,  even  ;f  It  la  not  a 
requirement  In  your  present  prt^jao,  to  look 
over  the  pyrotechnic  shock  portion  Xi 130 
ar.1  at  least  becivse  aware  of  its  approach,  it 
represents  "He  recoamieftiied  test  method  for  mi. 
three  of  the  armed  services.  If  y>-u  take  ifltwe 
with  what  la  in  that  document,  it  would  be 
advisable  to  careful ly  prepare  your  arguments  in 
advance  and  to  pr ctpose  constructive 
alternatives. 

1  an  leaving  «*st  of  the  time  for  Chuck 
Honing  because  1  hope  that  his  talk  will 
stimulate  yc»-,  to  believe  this  pyrotechnic  shock 

Trebles  * .  fenlly  important.  1  am  not  cure 
everybody  considers  It  to  be  so,  j  think  there 
are  gurvj  reasons  for  many  sot  to  tie  aware  of 
what  can  go  wrong  and  what  has  bees  the 
erpejiescea  oyierat  lesai  ly.  Ch  <'k  will  &VH 
address  that  subject  and  i  hope  will  erslighte*' 
you. 
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Charles  Hoenl:.g 
The  Aerospace  Corporation 
Los  Angeles,  CA 


I  van!  to  say  a  few  words  about  ay 
perspective,  or  «y  window  regarding  "Views  of 
the  World  of  fVrctechnlc  Shock".  As  Sheldon 
aentloned,  I  have  been  In  the  aerospace  Industry 
for  some  27  years.  The  data  I  as  about  to  show 
you,  coae  from  a  number  of  people  who  have 
worked  In  the  aero-space  Industry  for  a  long 
tlse.  The  Implication  Is  that  ay  window 
presents  a  perspective  from  the  aerospace 
Industry.  It’s  Important  to  understand  that 
point  of  reference  because  If  you  are  working  In 
the  shipboard  area,  or  maybe  In  the  aircraft 
area,  or  other  areas  not  aentloned,  the  window 
you  are  looking  through  la  probably  different 
from  mine.  The  reason  1  eoy  this  Is,  with 
aerospace  vehicles,  basically  there  is  one 
chance  to  succeed  for  any  given  vehicle.  It 
muat  fly  completely  successfully  the  first  time, 
or  else  loss  of  a  complete  mission  may  be  the 
result. 

I  want  to  talk  about  the  lessens  learned  In 
these  27  ysare  of  experience-  t  would  like  to 
present  this  experience  la  several  different 
f  areals.  One  format  that  I  will  start  with,  to 
keep  It  r  little  light,  la  what  1  call  Tajasus 
Last  Words'1.  Pol  loving  this  I  want  to  ask  a  few 
questions,  self-esaalnatltws  questions  c.f  how  we 
In  the  Shock  and  Vibration  Community  have 
performed,  t  will  answer  those  questions  by 
reviewing  flight  failure  data,  and  taen  vs  can 
draw  conclusions  from  that.  I  will  close  by 
aSkine  the  question,  -do  we  need  to  ds  anyth  Ira 
different?  Do  we  nee'  to  ttqdovc  eior  success  or 
has  It  been  adequate?  Can  we  cent  tn.se  doing 
what  we  have  been  doing  In  the  fast?  I  will  not 
Unit  this  strictly  to  shock.  S  vwrld  like  also 
to  address  vibration  tc  the  cthe*»  that  flight 
failures  have  occur®!  due  to  vibration. 

Let  -ce  ccnslder  the  first  "Fawmss  i-as- 
Waris"  In  Figure  5.  These  ver=  essentially  my 
baptism  to  the  pyr»-*!**ck  verld.  We  ver* 
examihlmg  gh->ck  data  from  a  separation  test  Veal 
Involved  the  sefarat ice.  of  tdssll“  stages  ty 
flrtng  explosive  !»Us.  We  had  data  that  shewed 
ettreaely  hl^;  acceleration  levels,  HA  very 
short  dj rations.  The  question  was.  4»  we  really 


need  to  be  concerned  with  that  environment?  The 
situation  at  that  time  was  our  equipment  had 
already  been  qualified  to  shock  levels  that  were 
typically  used  at  the  time,  100  g'a,  6 
milliseconds,  which  cane  from  a  MIL-STD. 
Vibration  tests  had  been  run  on  the  hardware, 

And  In  those  days,  the  missile  equipment 
vibration  specs  were  very  severe.  In  the  50  to 
100  g  RMS  range.  The  assumption  made  was  that 
the  high  arplltude,  short  duration  shock 
environment  was  probably  not  significant 
compared  vlth  the  vibration  test.  That  proved 
to  be  a  poor  assumption,  as  Indicated  by  the 
bottom  of  Figure  1  which  reflects  subsequent 
flight  experience.  About  a  year  later,  during 
launch  of  one  of  the  ICBM's,  a  relay,  which  was 
located  near  the  launch  release  boils,  and  which 
was  a  part  of  the  range  safely  -ieatruct  system 
for  the  mlssle,  was  transferred  closed;  the 
relay  fired  the  destruct  system,  and  tl  caused  a 
true  pyrotechnic  event  over  the  whole  launch 
pad.  That  essentially  led  am  to  begin 
accuaulattng  a  body  or  data  which  eventually 
result*!  In  the  5*.blicatien  of  a  paper  In  l<fte 
IpBA  Aerospace  Testing  Seminar. 

figure  ?  shows  the  time  frame,  the  circs 
iq^O-SOTv! ,  after  It  was  recognised  that 
pyrotechnic  shock  actually  was  as  envl retusersi  to 
be  concerned  wit’  .  At  the  tlse  the  industry  was 
going  from  the  time  dcsalrs  to  the  aho-ek  response 
spectrum  domain  to  define  shmet  environments. 

W*  Were  faced  with  level e  of  atCr-jl  6  to  5  or 
maybe  IT.CtKJ  g‘s,  and  when,  such  test  levels  were 
given  to  as  electronic?  equipment  designer  vivo 
was  familiar  with  g's  In  term?  of  static 
acceleration,  h$s  reaction  was;  ">£■ 
equlp-rpst!  There  Is  n*  chance  <t  will  pass.1" 

The  experience,  as  shewn  at  the  bottom  nf  figure 
?.  has  tge s  that  most,  tut  rurt  all,  off-the- 
shelf  avionics  equipment  can  withstand  levels  of 
several  th*unas>d  g*s.  ;  will  discuss  this  «we 
a  little  later  vises  1  review  the  types  of 
failures  which  hav*  eccurred  in  flight. 

Figure  1  shews  another  problem*  This  5s  a 
problem  that  arises  when  a  program  already  has 

Its  equipment  qualified.  A  system  test  is 
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conducted,  shock  levels  are  measured,  and  It  is 
found  that  shock  levels  are  above  what  equipment 
has  been  qualified  to.  Nov  there  are  two 
options:  (l)  Equipment  can  be  requalified  or 
redesigned  which  can  be  very  expensive  because 
there  may  be  many  suppliers  whose  contracts  must 
be  renegotiated,  and  possibly  hardware  that 
needs  to  be  redesigned,  and,  (2)  the  second  and 
easiest  solution  is  to  reduce  the  shock.  That 
may  solve  the  problem.  The  experience  part  of 
Figure  3  indicates  that  the  second  option  is  not 
easy  to  do,  and  in  many  cases  it  cannot  be 
done!  With  V-bands,  the  stored  strain  energy  is 
the  major  shock  producing  part  of  the  event. 

With  linear  shaped  charges ,  we  find  the 
thickness  of  the  material  is  prooably  one  of  the 
stronger  parameters  in  determining  the  shock 
level.  In  some  cases,  efforts  were  made  to 
redesign  the  separation  system,  and  what 
happened  was  the  separation  system  did  not  work. 


Figure  I*  shows  the  case,  circa  1964-1975. 

It  arises  often  in  the  following  situation: 

There  are  two  contractors;  one  is  the  payload 
contractor  and  the  other  is  a  booster 
contractor.  Both  contractors  have  interface 
criteria  defined,  and  neither  one  can  exceed  the 
interface  criteria  because  the  equipment 
designer  on  cne  side  has  designed  the  equipment 
to  the  levels  provided  by  the  analyst  on  the 
other  side.  Quite  often,  when  p  combined  test 
of  b.,th  systems  is  conducted,  it  is  found  that 
the  interface  criteria  were  exceeded,  and  the 
contractor  whose  hardware  causes  the  higher 
shock  level  has  to  do  something  to  reduce  it. 

The  obvious  solution  is  to  insert  something  at 
the  interface  to  reduce  the  transmitted  shock 
level,  which  would  solve  the  problem.  In  order 
to  get  significant  attenuation,  a  flexible  joint 
is  needed;  but  in  load  carrying  interfaces  it  if 
also  necessary  to  maintain  stiffness.  These 
conflicting  requirements  preclude  this  as  a 
practical  solution.  Nevertheless,  as  indicated 
on  the  bottom  of  Figure  4,  on  a  number  of 
programs  extensive  efforts  were  made  to  use 
Nitral  rubber,  felt,  load  washers,  fiberglass  or 
combinations  of  these  and  other  materials. 
Sometimes  a  small  amount  o>'  attenuation  was 
achieved  in  parts  of  the  t.equency  band. 
Signifies nt  reduction  over  the  total  band  was 
never  achieved. 


deferring  to  Figure  5,  I  *ure  many  of 
you  have  piot'.bly  heard  these  statements,  either 
case,  the  predicted  shock  levels  are  too  high  c 
too  low.  I  believe  these  statments  are 
symptomatic  of  our  lnabilitv  to  accurately 
predict  pyrotechnic  shock  levels.  It  i?  very 
dffficult,  and  generally  experimental  data  are 
needed  to  apply  to  each  particular  problem  being 
worked.  It  is  very  easy  to  be  off  6  dB  in  shock 
predictions.  For  example,  recently  on  a  program 
the  predicted  shock  environment  from  a  linear 
cutting  type  of  separation  system  was 
approximately  12,000  g’s,  A  t-a*  was  run,  and 
measured  levels  were  on  the  order  of  25  to 
30,000  g's  causing  a  major  program  inqiact. 


Around  1969,  we  began  to  recognize  that 
drop  shock  pulse  test  methods  were.r.ot  the  beat 
way  to  simulate  the  pyrotechnic  shock 
environment  because  they  substantially  overtest 
at  the  low  frequency  resulting  in  unrealistic 
hardware  failures.  It  became  obvious  we  needed 
to  simulate  the  shock  more  in  terras  of  the  real 
environment,  which  is  an  oscillatory 
transient.  One  method  was  to  use  a  shaker  which 
produces  a  vibrating  type  of  environment. 
However,  concerns  existed  regarding  whether  or 
not  shocks  could  be  generated  using  shakers  and 
would  the  shakers  survive.  If  we  look  at  the 
experience  part  of  Figure  6,  we  find  that  today 
shakers  are  routinely  used  to  sinulate 
pyrotechnic  shocks.  A  level  of  7,000  g*s 
response  cannot  be  directly  accomplished  on  the 
head  of  a  shaker.  This  level  can  be  acheived  if 
a  combination  of  the  shaker  and  a  resonant 
fixture  is  used.  Without  resonant  fixtures 
levels  are  normally  limited  to  somewhere  in  the 
2,000  to  3,500  g  range. 


Figure  7  shows  a  situation  that  arises  vhen 
an  engineer  has  test  data  from  one  separation 
test.  There  is  a  need  to  establish  design 
levels  that  consider  the  test-to-test 
variability,  or  the  vehicle-to-vehicle 
variability  if  you  are  dealing  with  an  extended 
production  line  of  vehicles.  The  question  is, 
what  is  that  test-to-test  or  vehicle-to-vehicle 
variation?  The  ordnance  people  will  say  that 
the  charges  are  controlled  to  within  a  very  few 
percent.  Occasionally  the  argument  is  that  the 
shock  levels  should  not  vary  more  than  the 
amount  that  the  charge  in  the  ordnance  varies. 
The  experience  is  not  quite  that  way,  as  can  be 
seen  at  the  bottom  of  Figure  7.  I  would  like  to 
emphasize  one  aspect  that  sometimes  is 
overlooked  about  measured  test  data.  That  is, 
variability  in  shock  data  is  due  to  test-to-teet 
variations,  but  it  is  also  due  to  vehicle-to- 
vehicle  variations  for  the  same  vehicle 
design.  A  paper  was  presented  yesterday  that 
showed  a  true  test-to-test  variability  which  was 
much  leas  than  shown  at  the  bottom  of  Figure 
7.  I  have  seen  the  same  thing  in  ny 
experience.  With  a  particularly  veil  controlled, 
test  set  up.  If  the  ordinance  is  fired  a  half  a 
dozen  tiiaes,  the  variabilitv  is  small.  A 
problem  arises  when  testing  additional  vehicle# 
of  the  same  design.  The  nanufacturing  tolerance 
differences  in  the  vehicles  alone  greatly  expand 
the  variabiliy.  I  am  av&re  of  two  papers  which 
address  pyro-shock  variabiliy.  One  was 
published  by  Terry  Schoessow,  I  believe,  at  the 
1974  Aerospace  Testing  Seminar.  He  concluded, 
that  if  a  single  set  of  test  data  were  available 
and  it  was  desired  to  estimate  a  95th  percentile 
•:hock  level,  6  dB  should  be  added  to  the  nominal 
of  the  single  test.  Another  paper  presented  at 
the  Shock  and  Vibration  Sytqjooium  about  two 
years  ago  drew  a  similar  conclusion. 


Figure  8  shows  "Fatuous  bast  Words"  that  ve 
still  hear  today.  This  is  not  to  say  that  the 
implication  of  the  statement  is  true  in  every 
instance.  These  kinds  of  statements  should  be 
considered  flags.  We  should  be  a  little 
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skeptical  of  generalizations  inpiied  by  such  a 
statement.  If  we  examine  the  bottom  part  of 
Figure  8,  the  experience  indicates  hammers  work 
well  for  95 1  of  the  cases.  This  is  not  to  say 
an  ordnance  generated  shock  test  is  not  a  good 
test.  It  is  the  perfect  test;  the  problem  is, 
it  is  more  expensive.  There  are  personnel 
safety  considerations,  which  may  require  a 
remote  test  site.  Also  a  considerable  amount  of 
time  and  money  i3  expended  in  refurbishing  the 
test  article  and  the  ordnance. 

It  is  interesting  to  look  at  Figure  0 
becar.se  it  shows,  if  you  remember,  one  of  the 
earlier  figures  where  the  "Famous  Last  Words" 
were  that  "our  equipment  will  be-  reduced  to 
scrap,"  we  have  come  full  circle.  Today,  if  the 
shock  level  is  below  1,000  ^j's,  we  are  hearing 
people  say,  "our  equipment  has  always  passed  it, 
let  us  ignore  it,  and  save  the  Government  some 
money."  That  statement  can  result  in  risk  of 
flight  failure  if  applied  on  a  broad  generic 
basis.  Let  me  show  you  the  flight  experience. 
Two  flight  failures  have  occurred  as  a  . esult  of 
relatively  low  shock  levels  in  the  vrorued  data 
base  that  I  have.  A  relay  failur  .  u.  used  by 
a  600  g  s'  ock  and  another  problet  •  *a  caused  by 
a  very  low  level  shock  of  200  g'a.  These 
programs  designated  HU,  to  maintain  contractor 
anonymity,  and  are  also  discussed  in  vy  paper. 
(See  reference  in  Figure  1.) 

How  let  us  do  some  self-examination. 

(Figure  10)  First,  let  us  ask  a  general 
question  of  all  of  us  in  the  Shock  and  Vibration 
Coranunity,  particularly  from  the  point  of  view 
of  the  Aerospace  Industry:  How  successful  have 
we  been?  Let  me  define  what  I  mean  by 
success.  Success  is  defined  here  as  our 
collective  ability  to  minimize  or  reduce  flight 
failures.  To  answer  that  question,  we  should 
examine  how  well  the  flight  vehicles  have  been 
performing.  That  is,  what  has  the 
succeao/failure  history  heen?  Specifically  we 
must  ansver  the  question  ct  the  bottom  of  Figure 
10  to  respond  to  the  first  question,  I  k>ive 
United  ry  time  frame  to  I960  and  later  because 
that  basically  coincides  with  ay  experience  data 
base.  It  is  probably  a  reasonable  starting 
point  because  It  eliminates  the  higher  risk 
juried  during  the  initial  growth  years  or  the 
aerospace  industry. 

Figure  1!  Is  essentially  out  of  a  paper  I 
referenced  earlier,  (See  Figure  1.)  Fourteen 
aerospace  vehicle  progress  were  surveyed;  twelve 
of  those  were  launch  vehicles  and  two  were 
payloads.  In  a  given  launch  vehicle  program 
there  any  be  ?J3,  <t0,  50,  launches.  In  the  two 
pay-loan  progress,  those  were  single  specific 
paylcvvd  launches.  The  great  preponderance  of 
the  data  cornea  from  the  launch  vehicle  area. 

Out  of  14  programs,  there  were  89  failures 
associated  with  shock  Or  vibration.  To  state  It 
another  way.  there  were  Bft  different  flights 
where  a  failure  occurred  which  was  eest  likely 
due  to  either  sh-vx  or  vibration.  Out  of  those 
68  failures,  ?5  were  potentially  shock  Induced 
and  83  of  those  ve:e  on  launch  vehicle*.  The 


next  line  down  in  Figure  11,  the  1*1,  these  arc 
the  cases  where  post-flight  failure  review  teams 
concluded,  "yeo  indeed  there  is  enough  evidence 
for  the  reviev  team  to  conclude  that  the  failure 
was  shock  induced."  With  that  background,  I 
reviewed  the  rest  of  the  data,  and  it  appeared 
to  me  there  were  an  additional  44  failures  where 
there  was  a  significant  probability  that  these 
failures  were  also  shock  induced.  X  made  an 
arbitrary  assumption.  I  assumed  50 %  of  those  44 
failures  were  shock  Induced.  That  is  22  pitas 
the  '*1,  with  a  total  of  63  failures;  I  will 
refer  to  that  number  in  a  later  figure.  My 
reasoning  for  assuming  50j  of  those  4b  failures 
were  likely  to  be  shock  induced  is  theo  none 
occured  during  the  period  of  high  vibration 
environments.  All  occurred  shortly  after 
significant  shock  events  when  the  thermal  and 
the  vibration  environments  were  relatively 
benign.  As  to  the  vibration  failures,  there 
have  been  Just  three  among  these  same  l4 
aerospace  vehicle  programs,  two  of  those  were  on 
launch  vehicles ,  and  one  on  a  payload. 

There  have  been  four  flight  failures  due  to 
relay  chatter  or  transfer  (Figure  12) ,  and  all 
of  those  resulted  in  catastrophic  loss  of  the 
mission.  That  is,  the  complete  booster  and  its 
payload  vere  lost.  Shock  levels  are  shown,  and 
they  range  from  relatively  low  levels  up  to 
quite  severe  levels  at  4,000  g's.  All  of  the 
shock  levels  that  you  see  on  this  and  on 
subsequent  figures,  are  the  peak  of  the  shock 
response  spectrum.  Generally  the  frequency  is 
above  2,000  Hi.  Often  the  frequency  is  not  mch 
above  2,000  Hz  because  the  data  came  from  flight 
telemetry  systems  which  typically  are  limited  to 
something  on  the  order  of  2,000  Hr. 

Another  class  of  failures,  the  hard 
failures  as  Illustrated  in  Pigure  13,  was  a  real 
surprise  to  me.  My  first  presentation  of  flight 
failures  ves  at  on  IFd  tyro-Shock  Seminar  held 
in  Orange  Ceunty,  California  in  1932,  In  iff 
original  data  base,  there  were  only  two  or  three 
hard  failures  due  to  pyro-shock.  As  a  reoult  of 
the  presentation  at  the  Orange  County  seminar, 
and  a  similar  presentation  a  month  later  at  the 
1982  Shock  and  Vibration  Symposium,  a  number  of 
industry  people  case  fervard  ami  supplied 
additional  data.  Since  1932  the  data  base  has 
tripled.  Figure  13  shows  a  total  of  30 
failures.  It  is  i-jpor.ant  to  tontlder  the 
levels.  They  are  all  fairly  high  levels,  3,000 
g's  or  better  at  frequencies  of  2,000  Hz  or 
above.  There  is  a  theory  that  the  failure  level 
of  hardware  in  shock  is  related  to  a  constant 
velocity  line.  That  Beans  the  shock  level  is 
nuoerically  equal  to  a  constant  times  the 
frequency.  A  good  reference  level  above  which 
Tenures  are  likely  to  occur  Is  perhaps  0.8 
times  frequency.  For  example,  at  2,000  Hs  If 
the  expected  level  exceeds  1,600  g's,  the  risk 
of  failure  become*  significant.  Tou  will  notice 
more  than  5 of  these  hard  failures  Identified 
Ip  .'Igure  13  resulted  In  catastrophic 
consequences  to  the  mission. 
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The  third,  and  last  type  of  flight  failure, 
aa  shovn  in  Figure  lb,  is  basically  a 
workmanship  type  of  problem.  An  example  of  this 
type  of  failure  is  when  solder  balls  are  present 
inside  of  a  transistor.  The  shock  causes  the 
solder  ball  to  break  loose,  and  it  floats  around 
until  it  gets  into  an  area  where  it  can  cause  an 
internal  short  which  fails  the  avionics 
conponent.  There  were  29  failures  of  this  kind 
in  seven  programs.  More  than  50 ?  of  them 
resulted  in  catastrophic  loss  to  the  mission. 

The  levels  for  this  kind  of  problem  can  range 
anywhere  from  very  lew  levels  to  very  high 
levels. 

To  summarize,  1  vill  r.dC:eae>  the 
question:  ’-/hat  were  the  design  and  the  testing 
deficiencies  that  allowed  these  kind's  of 
failures  to  occurf  Figure  15  lists  the  major 
reasons.  First,  electronic  subsystems  were  not 
tolerant  of  ir.termlttents.  In  one  case,  it  was 
a  relay  in  a  guidance  system  circut.  The  relay 
chattered  due  to  the  shock,  scrambled  the 
guidance  system  and  caused  the  loss  of  the 
booster.  Poor  separation  system  design  was 
another  case.  That  separation  system  had  an 
explosive  bolt,  and  the  head  of  the  bolt  was 
allowed  to  impact  against  metal.  The  impact 
caused  the  shock,  something  in  the  order  of 
7,000  g's,  which  caused  the  hard  failure  of  an 
avionic  component.  There  are  failures  caused  by 
components  being  located  near  the  shock 
.source.  One  of  the  earliest  flight  failures  was 
caused  by  a  relay  being  located  near  the  launch 
release  bolts.  Piece  part  designs  susceptible 
to  Internal  shorts  because  of  contanuna  t -on  has 
been  a  major  problem  area.  A  design  change  that 
has  resulted  in  a  large  reduction  of 
contamination  kinds  of  failures  has  been 
nassvvation  of  the  Internal  parts  of  cavity  type 
piece  parts,  a  transistor  for  example. 
Passivation  is  basically  coating  of  internal 
surfaces  with  glnsa  or  other  diaelectrlc 
materials  so  that  if  the  particle  breaks  loose, 
it  is  less  likely  to  cause  an  Internal  short. 

An  experimental  study  done  about.  10  years  ago 
indicated  passivation  can  reduce  the  failure 
rate  by  a  factor  o!'  20  to  1. 

The  testing  deficiencies  are  ahown  at  the 
bottom  of  Figure  15.  Cot^orentH  were 
inadequately  qualified.  For  example.  In  one 
case  a  relay  was  qualified  to  100  g’a,  ar.d  the 
fyro-shoefc  levels  were  In  the  1,000’c  of  g's. 

In  many  coses  no  system  level  shock  tests  were 
run,  so  the  dynaatclst  didn't  know  wlnt  shock 
environments  to  expect.  Inadequate  piece-part 
screening  is  another  Item  that  addresses  the 
piece-part  problem.  Industry  has  Instituted 
FIND  testing,  Partlc’e  Inpact  holes  detection. 

Pi XI)  testing  Is  nor  nearly  as  effective  as 
coaling  or  passivation.  One  study  indicated 
that  a  success  ratio  on  the  order  of  3\>?  to  50? 
csws  be  expected  with  PI  St)  testing.  In  other 
words,  30?  to  50S  of  the  parts  tha‘  contained 
the  contaminants  can  be  Identified,  hast,  to 
make  up  for  Inadequate  piece  part  or  cospnoents 
screening,  nos*  of  the  launch  vehicle  programs 
that  had  the  large  number  of  hard  failures,  have 


instituted  component  acceptance  testing. 

Generally  in  these  instances  they  are  dealing 
with  fairly  high  shock  levels.  I  personally 
think  that  component  shock  acceptance  testing  is 
a  very  prudent  thing  to  do  when  expected  shock 
levels  are  high,  for  example  above  0.8  times 
frequency. 

Another  "Famous  Last  Words"  chart  (Figure 
16)  has  to  do  with  the  spacecraft  part  of  the 
aerospace  industry.  Often  we  hear  these  "famous 
last  voids",  usua’ly  by  people  who  don't  have 
the  benefit  of  the  booster  experience,  and  who 
also  don't  have  comple-e  information  about  their 
own  hardware.  Let  re  illustrate  by  a  general 
example.  When  a  spacecraft  is  launched,  it  is 
usually  unpowered.  It  goes  through  the  ascent 
acoustic  and  vibration  environments.  Some  of 
the  separation  events  occur,  and  it  is  still 
unpowered.  A  few  hours  later,  the  on-orbit 
povering-up  process  is  begun.  If  a  component 
doesn't  work,  it  is  extremely  difficult  to 
determine  what  caused  it.  The  cause-effect  time 
relationship  that  exists  with  many  of  the  launch 
vehicle  failures  is  not  available.  In  other 
words,  there  in  not  enough  information  to 
determine  wnether  a  shock  failure  has  or  has  not 
occured.  In  an  attempt  to  get  better 
quantification  of  that.,  I  reviewed  a  report 
which  compiled  spacecraft  component  on-orbit 
failures  and  selected  those  that  were 
potentially  shock  related.  In  a  few  cases,  the 
evaluators ,  or  the  persons  who  put  the  data  into 
the  data  bank,  concluded  that  it  had  been  a 
shock  failure.  There  were  vary  few  cases  such 
as  this,  on  the  order  of  four  or  five.  From  the 
report  I  selected  many  additional  failures  aa 
being  potentially  ahock  related  mainly  because 
'  „cy  seemed  to  tie  the  kind  of  tnings  that 
booster  experience  would  indicate,  could  have 
been  due  to  shock.  Tills  was  only  done  when  the 
reviewer  left  the  definition  of  the  causes 
unknown.  In  nummary,  the  failure  history  of 
spacecraft.  due  te  shock  in  an  unknown. 

We  can  examine  the  flight  and  vibration 
failures  very  quickly.  It  won’t  take  long 
bee vue  there  are  not  that  usa.iy.  There  havt 
only  been  a  total  of  three  failmen  as 
illufitrated  in  Figure  17.  In  one  cage,  a 
cottponenl  l»xd  been  flown  that  had  not  b*  en 
acceptance  vibration  tested  which  violates  good 
erg.tnearlng  practice  In  acceptance  testing  of 
aerospace  vehicle  equipment.  In  the  second 
ease,  the  vibration  environment  was  predicted  to 
he  :\i  g's  [tf-tt.  On  that  program  the  flight 
vibration  environment  lad  been  grossly 
underestimate!.  It  was  a  state-of-the-art  type 
of  vchlcl-,  and  basically,  analytical  tools  to 
define  the  environment  were  nut  available.  I 
i'im '(  have  a  let  of  information  about  the  third 
fat  lure.  A  total  of  three  flight  fail-ren 
occurred  in  the  same  l-'i  vehicle  set  of  data  pros 
which  the  shock  failures  were  tabulated. 

Figure  IS  gets  hack  to  the  question  that 
was  asked  earlier.  First,  i  will  suewarlse  the 
ft.  i lures  can-  >  I  by  shock  and  vibration.  We  can 
poKitivrlr  say  there  have  Von  at  least  three 
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vibration  failures.  There  nay  V’  others  I  am 
not  aware  of.  One  of  those  three  failures 
resulted  un  a  catastrophic  mission  failure.  In 
the  shoe’s  ares,  there  have  been  63  failures 
vnich  is  tasea  on  the  discussion  regarding 
Figure  11.  3ixty  eight  percent  of  those  have 
been  -iss'on  failures  and  almost  all  of  these 
have  been  with  launch  vehicles.  The  la:.  S  boost 
vehicle  shock  fa 'lure  occired  in  1977-  It 
indicates  that  the  boost  vehicle  part  of  the 
industry  has  probably  learned  how  to  handle 
pyrotechnic  shock  quite  well.  Referring  to  the 
bottom  part  of  Figure  lS:  Hov  succeessful  have 
we,  in  the  Shock  ar.d  Vibration  community, 
performed  In  vibration,  I  think  we  can  reach 
over  our  shoulder's  and  pat  ourselves  on  the 
back  because  I  think  we  have  done  quite  well; 
three  failures  out  of  many  hundreds  of 
launches.  This  is  a  very  small  number,  and  we 
h*ve  a  clear  understanding  of  those  which  did 
occur.  In  one  case  we  violated  'he  basic  ground 
rulus  of  good  engineer: ng  p.acti ' '.  1..  the 
pyro-shock  area,  at  least  througn  1977,  we 
didn’t  do  very  wel).  I  don’t  believe  there  is 
enough  information  to  determine  how  well  we  have 
done  in  the  spacecraft  part  of  the  business  over 
any  time  frame. 

Let '8  go  to  another  question  (Figure  19): 
Why  has  the  failure  rate  for  shock  "  een  s<_  ouch 
higher  t’nar.  fo.  vibrat.'on?  I  will  discuss  a  few 
poar.ible  answers.  The  first  is  that  possibly 
the  pyro-shock  environment  is  inherently  more 
damaging.  Maybe  things  Just  fail  more  due  to 
pv:o-8hock.  That  doesn't  stem  to  be  a  Hkely 
explanation.  I  reviewed  a  1983  study  (Reference 
2,  bottom  of  Figure  20)  which  contained  a  survey 
of  failures  that  occurred  during  ground  testing 
of  avionics  .components  on  four  spacecraft 
programs.  That  data  indicated  tnat  when 
corrp orients  were  "qual  tested",  about  10%  of  them 
failed  pyro-shock,  and  about  22%  felled 
vibration.  These  data  discount  the  idea  that 
shook  environments  are  inherently  mo.e  damaging 
than  vibration.  The  second  \  osslble  reason  is 
the  lack  of  our  ability  to  predict  jyru-ehock. 
This  is  probably  a  partial  reason.  We  do  have  a 
great  deal  of  difficulty  estimating  what  the 
pyro-shock  environments  are.  Figure  3J  provides 
acme  of  the  strongest  reasons  for  the  higher 
failure  rate  for  shock  than  for  vibration. 

First,  for  boost  vehicles,  I  believe  we  can 
consider  these  in  the  past  tense  as  lessons 
learned  have  been  applied,  and  failures  have  nod 
occurred  in  the  pant  several  ;ear».  Regarding 
spacecraft,  the  first  .coaun,  luck  of  the  proper 
daelgn  consideration  for  pyro-shock,  can 
probfcbly  also  be  referred  to  in  past  tense 
because  design  consideration  for  pyro-shock  has 
bien  reasonably  well  lepleoented.  However,  I 
atill  have  problems  with  the  lack  Of  rigorous 
and  consistent  teat  requirements  being  applied 
to  spacecraft  programs.  The  1983  *tudy  on  four 
recent  spacecraft  programs  (Reference  (2), 
bottom  of  iiguie  20),  indicates  that  a-ionica 
coapcnenta  are  consistently  tested  for 
vibration,  i.e. ,  100%  of  the  avionics  coaponem,# 
are  acceptance  vibration  tested,  and  100%  are 
qualification  vibration  vested.  That  hind  of 


practice  is  not  rigorously  adhered  to  in  the 
pyro-  shock  area.  Of  the  same  four  spacecraft 
programs,  none  performed  acceptance  shock 
testing,  and  only  58%  of  the  components  were 
being  qualified  to  shook.  In  the  boost  vehicle 
part  of  the  industry,  I  believe  the  percentage 
of  components  subjected  to  pyro-shock 
qualification  would  be  closer  to  100%,  and 
acceptance  somewhere  between  zero  and  70%.  In 
some  cases  boost  vehicle  have  had  bad 
experiences  and  have  inplemented  acceptance 
testing  of  a  sizable  percentage  of  their 
avionics. 

To  close.  Figure  21  provides  a  summary  of 
what  we  can  do  to  either  maintain  our  level  of 
success  or  to  inprove  it?  In  the  vibration 
world,  it  seems  obvious  to  me  we  should  continue 
doing  what  we  have  been  doing  as  we  have  done 
quite  well.  Some  people  may  argue  that  we  are 
over-doing  it.  But  X  doubt  if  there  are  many 
people  who  are  willing  to  step  up  and  say  let  us 
relax  our  vibration  teat  requirements  because  we 
are  so  successful.  In  the  shock  world,  we 
should  apply  the  lessons  learned  from  our  past 
experience,  and  they  are  summarized  at  the 
bottom  of  Figure  21.  I  want  to  refer  to  the 
last  item,  perform  shock  acceptance  tests.  My 
recommendation  elicited  in  the  paper  (Referenced 
in  Figure  3),  is:  When  shock  levels  exceed  .8 
simes  frequency,  then  serious  consideration 
chould  be  given  to  performing  shock  acceptance 
testing  of  avionics  equipment. 
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PRESUMPTIONS  MADE  IN  THE 


Fig..  17  —  In-flight  failures  traceable  to  vibrations 
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PYROTECHNIC  SHOCK 


THE  PRE-PULSE  IN  PYROSHOCK  MEASUREMENT  AND  ANALYSIS 


A.  E.  Galef 

TRW  Electronics  and  Defense 
Redondo  Beach,  California 


Accelerometers  are  usually  Incapable  of  faithful  measurement  of  the  nearly 
instantaneous  velocity  change  occurring  when  a  structure  Is  subjected  to 
excitation  that  closely  approaches  a  true  impulse  (as  Is  often  the  case  with 
pyrotechnic  or  X-ray  induced  shocks).  The  Imperfect  accelerometer  behavior 
can  lead  to  a  serious  error  In  the  shock  spectrum  calculated  from  It.  A 
method  of  correcting  for  one  of  the  common  accelerometer  insufficiencies  Is 
provided. 


NOMENCLATURE 

I  «  Impulse  causing  motion; 

H  =  Generalized  mass  of  nth  mode  of  sti jc- 
ture  excited; 

t  a  Time; 

X  =  Motion  of  measurement  point; 


If  we  were  capable  of  measuring  such  motion 
directly  and  used  the  measurement  as  the  input 
to  calculate  the  shock  or  Fourier  spectrum, 
the  difficulties  to  be  dealt  with  in  this  paper 
would  not  exist.  They  arise  because  the  ordin¬ 
ary  method  of  measuring  shock  motion  is  the 
accelerometer,  and  we  generally  use  the  measured 
acceleration  to  calculate  the  relative  displace¬ 
ment  spectrum  and  from  it  the  equivalent  static 
acceleration  shock  spectrum.  (Ref.  1) 


C  »  Damping,  as  fraction  of  critical  damp¬ 
ing  in  nth  mode; 

f  ■»  Damping  used  in  shock  spectrum  calcula¬ 
tion; 

«  •  Modal  deflection  in  direction  of  impulse, 

of  nth  mode  at  point  of  impulse  applic¬ 
ation; 

6  ■  Modal  deflection  in  *X”  direction,  of 

q  nth  mode  at  measurement  point; 


In  the  process  of  differentiating  Eq.  1  to 
yield  the  acceleration  that  our  instrument  will 
be  subject  to,  wc  should  observe  that  at  the 
instant  immediately  after  the  completion  of  the 
postulated  impulse  application  the  velocity  is 
non-zero  - 


N 

X(q.o*)  -  ^ 


n*l 


1  e  a 


U) 


v  *  Phase  angle  of  nth  aodal  acceleration 
term;  y^  *  cos~v  ( l-2cn3 ) i 

*  Modal  frequency. 


INTRODUCTION 


When  a  linear,  viscously  datsped  structure 
is  subjected  to  an  impulse  !  at  point  p,  the 
Motion  at  point  q  after  the  completion  of  the 
impulse  application  can  be  written  as  - 


"  I  o  e 

Xiq.O-y  — gs-q - 

f  h  a  Jl  -  c  ; 

n  n  %  n 


expf-v  fi  0 ' 

n  n 


“n 


t)U> 


Since  the  velocity  just  before  the  event 
is  zero,  it  should  be  clear  that  the  direct 
result  of  two  differentiations  of  tq.  1  - 


x  (q.l) 


L 


I  5  fl 

pn  qn  n  # 


e*p(-  t„  fln  t)  *  slntyt  -  tn;  r.Rt  •  »  ) 


(3) 


is  not  ccssplete;  it  has  neglected  the  implicit 
Heaviside  unit  function  rmjHiplying  £q.  1  and 
therefore  conceals  the  very  high  acceleration 
prevailing  for  the  very  short  time  which  is 
characteristic  of  the  impulsive  excitation 
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that  was  assumed  at  the  outset  and  which  caused 
the  Eq.  2  velocity.  The  missing  term  of  £q.  3, 
(which  Is  the  "pre-pulse"  of  the  title)  Is  un¬ 
likely  to  be  measured  faithfully,  because  of 
both  the  frequency  response  and  the  ranging 
necessary  for  accurate  measurement. 

It  Is  suggested  that  the  pre-pulse  Is 
often  the  cause  of  accelerometer  and/or  ampli¬ 
fier  malfunctions  (zero-shift,  saturation, 
slew-rate  limiting)  and  when  that  occurs  this 
paper  can  offer  no  procedures  for  repairing  the 
defective  data.  When,  however,  the  effects  of 
the  measurement  system  Insufficiencies  are 
limited  to  clipping*  of  the  apparent  magnitude 
of  the  pre-pulse,  the  procedures  of  the  paper 
will  be  useful . 

PR08LEM  IDENTIFICATION 

An  equivalent  static  acceleration  shock 
spectrumt  whose  magnitude  increases  linearly 
with  frequency  implies  that  there  was  a  net 
velocity  change  contained  in  the  shock  event; 
the  magnitude  of  the  spectrum  slope  is  the  Im¬ 
parted  velocity. 

There  are  some  shock  event?  (most  common¬ 
ly,  collisions  or  drops)  where  significant  net 
velocity  is  imparted  to  the  rigid  body  mode, 
but  the  expected  net  velocity  change  resulting 
from  the  very  short  duration,  small  net  impulse 
of  the  events  of  primary  interest  in  this  paper 
is  sufficiently  small  (and  is  zero  if  the  con¬ 
figuration  is  such  that  there  are  no  rigid  body 
inodes)  that  we  should  expect  the  shock  spec¬ 
trum  to  be  dominated  by  the  motions  of  the 
flexible  modes.  In  most  cases  of  pyrotechnic 
shock  the  dominance  should  be  expected  to  be 
complete  at  two  octaves  or  sore  below  the  fre¬ 
quency  of  the  first  structural  node.  When  the 
shock  spectrum  of  a  pyroshock  continues  to  in¬ 
crease  at  the  rate  of  6db/octave  through  a 
broad  frequency  range  it  wi’l  usually  be  found 
that  the  velocity  change  implied  by  the  sensed 

"•  TucF  "cTipping  will  often  be  concealed  by  the 
limited  frequency  response  of  typical  aapli- 
fiers  which  may,  subsequent  to  the  clipping 
that  occurs  in  the  input  stage,  spread  the  re¬ 
sult  in  tine  while  reducing  its  apparent 
magnitude. 

t  If  the  preferred  for*  of  shock  spectrum 
should  be  that  of  the  absolute  acceleration, 
there  would  be  i  region  of  acceleration  pro- 
oirtional  to  frequency  even  though  there  wat 
wo  rvet  velocity  implied  by  the  integral  of  the 
•(.toleration  (or,  equivalently,  if  the  proced¬ 
ures  of  this  paper  had  been  deemed  applicable 
and  had  been  employed) .  This  region  of  6  db/ 
v'.tave  would  be  where  the  spectral  frequencies 
are  less  than  rr..  1  as  indebted  to  David 
Smallwood,  whose  directly  applicable  paper. 

"The  Shock  Response  Spectre*  at  Low  Frequen¬ 
cies*  appears  elsewhere  in  these  Proceedings, 
for  valuable  discussion  on  this  aspect  of  the 
problem. 


acceleration  is  implausibly  high,  indicating 
that  the  physical  acceleration  has  not  been 
measured  faithfully. 

In  many  cases,  Inspection  of  the  acceler¬ 
ometer  trace  will  permit  an  immediate  identifi¬ 
cation  of  the  cause  of  the  excessive  velocity, 
which  might  be  a  drift  or  2ero-sh1ft  in  the 
amplifier  output  (see,  for  example,  many  of  the 
accelerometer  traces  provided  In  Ref.  2,  with 
Fig.  l.A.1.8,  (the  third  accelerogram 
provided  in  the  7-Volume  document)  being  all 
too  typical!)  and  such  data  should  have  been 
discarded.  For  the  cases  we  propose  to  deal 
with  here,  however,  the  recorded  acceleration 
is  of  the  form  of  Eq.  3,  with  no  obvious  in¬ 
strumentation  system  malfunction  that  would 
cause  a  sophisticated  technician  to  discard  the 
data,  but  there  is  nevertheless  a  significant 
apparent  velocity  change  associated  with  the 
“invisible"  pre-pulse.  The  comnon  inability  to 
record  the  pre-pulse  accurately  is  the  cause  of 
very  frequent  distorted  shock  spectra.  An 
approach  to  correcting  for  this  is  offered 
following. 

(Given  the  physics  of  the  problem  out¬ 
lined  in  the  preceding  sections,  the  reader 
may  be  led  to  believe  we  are  claiming  that  the 
problan  is  universal,  and  that  there  are  little 
valid  data  on  pyroshocks  available.  This  would 
be  an  exaggeration  of  my  position,  since  the 
potential  problem  manifests  Itself  primarily 
when  attempts  are  made  to  make  shock  measure¬ 
ments  so  close  to  the  source  of  the  shock  that 
structural  dissipation  has  not  mitigated  the 
high  level ,  high  frequency  content  of  the  pre¬ 
pulse  sufficiently  for  the  remainder  to  be 
measured.  A  further  and  often  equally  import¬ 
ant  beneficial  effect  of  separation  from  the 
source  is  that  the  nodal  velocity  terns  of 
Eq.  2,  which  are  additive  when  jp  has  the  same 
sign  as  will  be  increasingly  variable  in 
sign  when  measurements  are  reasonably  removed 
fro®  the  source  because  of  the  typically  high 
rates  of  change  with  position  of  the  high  fre¬ 
quency  eigenvectors  of  concern.) 

EOtUTiOaS  AND  RE'imTNtttnCttS 

Mhen  the  cause  of  implausibly  high  appar¬ 
ent  velocity  change  in  a  shock  record  has  been 
identified  as  the  inability  to  record  the  pre- 
pulse  faithfully,  the  cure  is  obvious:  one 
need  only  add  to  the  acceleration  data  a  short 
duration,  high  amplitude  pulse  with  sufficient 
amplitude  and  appropriate  sign  so  that  the  in¬ 
tegral  of  the  augssented  data  is  zero.  The 
added  impulse  should  be  located  immediately 
before  the  (vasinal  beginning  of  the  data,  end 
“zero-time*  should  be  redefined. 

(The  same  result  will  be  obtained  if  one 
modifies  his  shock  Spectrum  prsygran  so  that, 
in  each  solution  for  the  relative  aotion  Of 
the  hypothetical  oscillator  there  is  provided 
an  initial  velocity  equal  to  the  negative  of 
the  velocity  determined  fro*  integration. 
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Depending  on  one's  program,  one  or  tho  other 
equivalent  procedures  may  be  more  convenient.) 

The  results  of  the  suggested  technique  are 
shown  In  the  figures,  which  are  the  results  of 
shock  spectrum  analysis  on  what  Is  offered  as 
a  representative  shock  of  the  form  of  £q.  1. 

The  uncorrected  spectrum  has  mucn  higher  re¬ 
sponse  levels  at  low  frequencies  than  the  cor¬ 
rected  one  of  fig.  2;  an  Item  of  equipment  with 
critical  frequencl es  near  200  Hzmight  be  severely 
damaged  If  the  uncorrected  spectrum  was  assumed 
to  be  valid  and  was  reproduced  in  the  environ¬ 
mental  lab,  whereas  the  device  might  very  well 
be  able  to  withstand  the  "correct"  spectrum 
easily  Conversely,  if  a  properly  measured  and 
analyze’  severe  field  shock  had  a  spectral 
level  of  -oOg  at  200  Hz,  equipment  would  be 
grossly  undertested  if  it  were  subjected  to  the 
shock  of  the  figures  and  it  was  deemed  a  satis¬ 
factory  shock  on  the  basis  of  an  analysis  such 
as  that  of  Fig.  1  that  did  not  account  for  the 
pre-pulse. 

At  high  frequencies,  the  corrected  spec¬ 
trum  is  seen  to  have  high  spectral  levels. 

This  is  a  direct  result  of  replacing  the  miss¬ 
ing  pre-pulse  by  a  very  short  duration  (12.5 
usee,  for  the  example)  high  amplitude  pulse 
which  dominates  the  high  frequency  spectrum. 
Little  quantitative  weight  should  be  attached 
to  these  spectral  levels,  especially  since  they 
are  partially  a  product  of  the  time  step  used 
in  the  analysis,  but  it  should  be  appreciated 
that  when  we  concede  the  postulated  existence 
of  the  pre-pulse  we  are  recognizing  that  the 
correct  spectrum  does  'r  *.ted  have  very  high 
levels  at  the  high  frequencies  that  "feel"  the 
instantaneous  peaks.  It  would  be  necessary  to 
establish  correct  values  (using  instrumentation 
capable  of  measuring  correctly  the  entire  ac¬ 
celeration  including  the  pre-pulse)  only  if 
there  were  concern  about  the  ability  of  equip¬ 
ment  to  withstand  high  frequencies,  and  that 
wouid  be  rare. 

Persons  using  general  purpose  computers 
with  software  shock  spectrus  routines  will  have 
no  difficulty  in  modifying  their  programs  to 
thpleaent  the  correction  suggested  above.  Per¬ 
sons  using  i  "black-box’  shack,  analyzer  will 
have  to  wait  until  manufacturers  make  retrofit 
kits  available,  t  urge  that  sar.uf adorers  do 
indeed  start  to  provide  retrofit  kits  and  cer¬ 
tainly  start  to  give  their  new  eo;<p»ent  the 
option  of  correcting  for  the  jsa'tially  or  cob- 
plctely  hissing  pre-pulse. 

When  hardware  or  so* tvare  capable  cf  using 
the  pre-psilse  correction  is  available  it  will 
be  necessary  to  use  it  with  caution;  if  used 
indiscriirtnate! y .  it  r<e*  disguise  but  will  cer¬ 
tainly  not  correct  fgr  contaminated  by  a 
Jerg-shift  or  aliasing.  used  on  collision 
data,  where  a  significant  velocity  change  has 
been  indicated  correctly,  it  will  distort  the 
results  to  yield  a  wrong  spectrw.  These  com¬ 
ments  are  provided  at  ‘he  r'.$i  of  belaboring 
the  |K)lnt  that  erttfei!  review  isvc  physical 


understanding  will  always  remain  necessary  in 
any  data  orocesslng  and  interpretation  proced¬ 
ures;  attempts  to  automate  and  otherwise  remove 
judgment  from  the  process  are  perllousi 
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SUPER*Z1P  (LINEAR  SEPARATION)  SHOCK  CHARACTERISTICS 


By  Kurng  Y.  Chang  and  Dannie  L.  Kern 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 


Super*zip  is  a  high  load  carrying  pyrotechnic  device  which 
separates  ring-shroud  structure  without  contamination.  Explosive 
separation  devices,  such  as  Super*zin,  employed  during  the 
spacecraft  launch  phase  and  space  flight  generate  a  chock 
environment  that  oould  have  a  deleterious  effect  on  the 
spacecraft  hardware.  This  paper  presents  the  results  of  a  series 
of  tests  designed  to  study  the  dynamic  char  act  sr is tics  (anti  hence 
the  shock  response  level)  produced  by  detonation  of  the  3uper*Zip 
joint.  Tests  performed  include  separation  of  straight  and  curved 
panels  and  of  complete  full-ring  hands  for  spacecraft  systems. 
Data  obtained  from  these  tests  have  provided  qualitative 
indications  of  the  shock  response  levels  for  different  test 
configurations.  Curing  the  study,  considerable  effort  was 
extended  to  evaluate  the  shock  directivity,  distance  attenuation, 
boundary  condition  effects,  and  firing-to-firing  variations. 
Representative  results  are  shown  and  the  infoneation  can  be  used 
as  a  reference  t'ase  for  analytical  predictions  as  well  as  flight 
equipment  design  requirements. 


IMOmiCTjfiN 

Super *Z ip  is  a  high  load  carrying  pyrotechnic 
joint  which  activates  without  contamination. 
This  structure  cutting  device  is  cotmonly 
used  to  separate  missile  stages  and 

spacecraft  from  their  boosters.  It  was  used 
on  the  Voyager  spacecraft  and  the  Inertial 
Upper  Stage  (IUS)  and  is  currently  part  of 
the  design  for  the  Wide  Body  Centaur  (KSC) 
and  tli©  Galileo  spacecraft,  such  explosive 
separation  devices  enjoyed  during  the 

spacecraft  or  booster  launch  phase  and  space 
flight  generate  a  shock  environment  that 
could  have  a  deleterious  effect  on  the 
spacecraft  or  booster  hardware,  especially  on 
electromechanical  equipment.  The  environment 
is  so  ocruplox  that  no  analytical  tool  is 
presently  available  to  adequately  describe 

the  basic  mechanism  of  shock  tranaaiseion  and 
to  predict  shock  responses.  various  test 

programs  (References  l  thru  5)  have  teen 
conducted  on  ssuper*ilp  devices  in  the  post, 
but  measured  shock  data  is  minixal  and 
inconsistent. 


In  the  Galileo  spacecraft  program,  a  series 
of  super*Zip  test  firings  has  been  completed 
on  several  different  configurations.  These 
tests  evaluated  the  capability  of  the 
Super*Zip  to  properly  separate  with  margined 
extemes  of  charge  grain  size  and  temperature. 
During  the  tests,  instrumentation  was 
installed  cm  the  test  articles  to  measure  the 
intensity  of  shock  due  to  detonation  and 
material  separation  both  near  the  joint  and 
at  other  locations  on  the  spacecraft.  The 
shock  data  was  analyzed  to  develop  the  pyro 
shock  environment  design  and  test 
requirements  for  Galileo  spacecraft  harAsare. 
An  effort  was  also  expandsd  to  study  the 
dynamic  characteristics  of  &sper*Zlp 
^.ne.rated  shock,  such  as  directivity  and 
transmission  path. 

This  paper  describes  the  Galileo  Super*2ip 
separation  joint  and  the  various  test 
configurations,  discusses  the  tegt  results  as 
well  as  subjects  related  to  the  shock 
characteristics,  and  offers  conclusions. 
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Super*Zip  is  a  full  circunferential  ring 
which  joins  two  shroud  structures.  Its 
cross-section,  as  shown  for  Galileo  in  Figure 
1,  is  a  flattened  tube  filled  with  cilicooe 
rubber  extrusion  with  a  single  strand  BMX 
detonating  cord  molded  in  position,  (in  an 
earlier  design  for  Galileo,  a  dual  cord 
system  was  used.  The  change  was  necessary  in 
order  to  reduce  the  possibility  of  tube 
rupture  during  explosion) .  Outside  the  tuba, 
two  frangible  altxninun  doublers  with  a  V 
notch  in  the  middle  are  held  toother  by 
steel  huckbolts  as  illustrated  in  the  figure. 
Two  detonator  blocks  are  used  to  actuate  the 
explosive  charge.  Table  I  lists  typical 
super*zip  dimensions  and  manufacturing 
tolerances  for  the  Galileo  application. 

The  explosion  of  the  charge  cord  causes  a 
bellows  type  expansion  of  the  tube  which 
cracks  the  doubler  notch  by  tensile  failure. 
In  this  design,  the  intensity  of  the  rtnock 
generated  is  considerably  less  than  other 
structure  cutting  devices  such  as  the 
Flexible  Linear  3iaped  Charge  (fLSC)  due  to 
the  joint  type  danping  effects  of  the 
huckbolts  holding  the  two  doublers  together. 
Nevertheless,  the  separation  of  the  doubler 
creates  a  shock  pulse  which  oould  be  severe 
enough  to  cause  damage  and/or  failure  to 
structure  or  equipment  located  near  by,  and 
is  considered  to  be  a  dominate  shock 
generation  device  in  the  Galileo  spacecraft. 
Determination  of  the  Super*Iip  shock 
environment  is  required  in  order  to  dtsigi 
and  to  verify  the  adequacy  of  the  spacecraft 
system  in  flight  operation.  Bxperlsantal 
teats  with  actual  firings  of  Super*! ip  bands 
have  been  aonckicted  to  measure  and  to  study 
the  separation  shock  characteristics. 


Figure  1 .  Galileo  su per*Zip  Cross-Section 


Experimental  tests  of  Super*zip  band 
separation  conducted  in  this  study  include 
separation  of  band  segments  in  straight  and 
curved  panels  and  of  complete  full-ring  bends 
for  the  spacecraft  Development  Tfeot  Model 
(EffM)  and  for  the  fli^it  spacecraft  systems. 
A  complete  list  of  the  tests  performed  along 
with  their  results  is  shown  in  Thble  II. 

In  the  panel  tests,  a  short  band  segment, 
approximately  one  foot  long,  cut  from  the 
fli^it  lot  was  used  to  separate  the  test 
panels.  For  straiefrt  (or  flat)  panel  tests, 
as  sham  in  Figure  2,  two  short,  aluninun 
plates  *»re  installed  along  the  two  edges  of 
the  Super*Zip  segnent  joint.  However,  during 
the  curved  panel  tests,  the  panels,  as 
illustrated  in  Figure  3,  were  two  segments  of 
55  inch  diamt  ter  shrouds  which  simulated  the 
adjoining  spacecraft  adapters.  The  right 
side  panel  of  the  super*Zip  band,  shown  in 
Figure  3,  is  an  aluminum  deepen  ring  segnent 
and  the  other  side  is  a  honey-ccmbed  graphite 
epoxy  adapter  segnent.  The  panel  teats  were 
designed  primarily  to  evaluate  the  Super*? ip 
joint  configurations  being  proposed  for  the 
Galileo  spacecraft,  in  the  test  firings,  the 
shock  responses  generated  in  the  inmediate 
vicinity  of  the  detonating  cord  and  at  the 
outer  edges  of  the  panels  were  measured. 
While  it  is  recognized  that  the  dynamic 
characteristics  (and  hence  the  shock  spectral 
response)  of  the  test  panels  differ 
significantly  from  those  of  the  complete 
ring/shell  joint  system,  data  obtained  from 
those  tests  oould  provide  qualitative 
indications  of  the  relative  shock  levels 
which  can  be  anticipated  in  the  full-ring 
section. 


Table  i.  Orlileo  super*! ip  Dimensions  and 
Manufacturing  Tolerance 


TOURWSt  1 

w» 

HOTOtTV  ! 

WMIHU 

VA1UC 

rtus 

rou**xcf 

MIMJ* 

TOLWANCt 

coat 

CttM 

«* 

nr'" 

0.M 

-BK 

wntM 

micro* 

can  in 

BOB 

■BOB 

KUUI 

tnusn 

r9 

»0K  to* l»/l in1 

m*  w’ 

•in«  w* 

KMUI 

KKSCtt 

aw 

KMU1 

it®*  trw/u1 

*•> 

-t®  * 

urn  mu 

LW30 

Ss« 

11)  to 

ion 

in 

tun  cr 
•a*  nn 

crc. 

Him 

to* 

1  Mi  «  »'* 

•eta  *  »'* 

■HOXtt 
m  mntrt 

SMI*’ 

■BUM  »■’ 

14 


Poe  the  full-ring  band  nm  tests,  only 
portions  of  tne  roock-up  spacecraft  which 
involved  the  essential  parts  adjacent  to  the 
Super ‘Zip  separation  band  were  utilized  to 
determine  tile  shock  environments.  Hie 
Development  Test  Model  (0TM)  consisted  of  the 
Galileo  prototype  Despun  section  with  a  mass 
mock  up  of  the  truss  mounted  electronics  bay 
(Bay  E)  attached,  and  the  Centaur  upper 
adapter  joined  to  the  Despund  section  via  the 
Super* **Zip  joint.  All  test  hardware  were 
assembled  in  a  vertical  stacked  position. 
The  test  article  was  suspended  from  the 
support  beam  attached  to  the  removable  door 
of  the  test  chanber,  as  illustrated  in  Figure 
4.  Three  cushioning  honeycomb  pads  were 
placed  under  the  test  article  and  the  ' vacuvir. 
and  temperature  conditions  (-38°C)  in 
spaceflight  were  simulated  and  maintained 


inside  the  chanber  during  the  separation 
band's  pyrotechnic  actuation.  The  primary 
objective  of  this  test  was  to  verify  that  the 
Super *Z ip  joint  would  properly  separate  when 
exposed  to  flight  qualification  temperatures 
and  minimun  cord  grain  size.  secondary 
objectives  were  to  obtain  measurements  of  the 
generated  shock  near  the  joint  and  at 
representative  equip>ent  locations  and  to 
conpare  the  measurements  to  the  results  from 
the  panel  segoent  tests. 

Finally,  a  full-scale  fli^it  spacecraft  waB 
assembled  and  tested  to  verify  the  shock 
environments  of  the  previous  panels  and  DTM 
tests,  as  well  es  to  measure  the  shock 
response  levels  at  other  spacecraft  hardware 
interface  locations.  During  the  test  firing, 
the  Galileo  flight  spacecraft,  as  shewn  In 


Table  II.  Galileo  Super *Zip  Tests  Smeary 


Test  Item 

Detonating  Cord 

Test  Condition  No 

of  Testing  Firings  commented/ 

Results 

Straight  Panel 

10  gr/ft 

-38°C 

1 

Low  Margin/ 
Normal  separation 

High  f&rgin/ 

13  gr/ft 

Room  Temperature 

l 

Separation  but 

Doubler  fading 

9  gr/ft* 

Poem  Temperature 

3 

Normal  Separation 

Curved  Panel 

12  gr/ft* 

Hot  and  Cold 

2 

High  Margin/ 
Tube  aipture 

7  gr/ft 

Hoc®  Temperature 

i 

No  Separation 

8  gr/ft 

-38°C 

4 

Low  Margin/ 
Normal  Separation 

12  gr/ft 

-38°C 

1 

High  Margin/ 
Normal  Separation 

9  gr/ft 

-38°C 

Low  Margin 

Galileo  DIM 

1 

Qualification/ 

system 

Pull  55"  diameter  and  vacuun 

Normal  Separation 

band 

Galileo  Plight 

11  gr/ft 

Poor  Tecporature 

1 

Plight  Operation/ 

Spacecraft 

Pull  band 

Noma!  Separation 

*  Dual  cord  was  used  in  earlier  test  program. 

**  I/v  or  high  margin  refers  to  a  low  or  high  oord  charge  size  in  comparison 
with  flight  configuration,  to  demonstrate  device  separation  capability. 


Figure  5,  waB  suspended  by  an  overhead  crane 
through  the  lifting  eyes  on  the  bus  and  was 
positioned  one-tenth  inch  above  the 
cushioning  pads  on  the  support  cart.  An 
ir-^rted  flight  spare  lower  adapter  was 
attached  to  the  bottom  of  the  spacecraft 
lower  adapter  to  simulate  the  Centaur 
interface.  Die  support  trusses  of  all  flight 
equipment  were  removed  from  the  spacecraft 
adapter  since  they  are  released  before  the 
Super*Zip  firing  separates  the  lower  adapter 
in  the  flight  mission  pyrotechnic  firing 
sequence.  A  stabilizing  fixture  was  attached 
to  the  top  of  the  bus  with  two  adjustable 
cables  to  support  the  appendage  equipment. 
The  test  was  successfully  completed  with  full 
Super*Zip  bend  separation  and  no  evidence  of 
structural  damage  in  the  spacecraft  was 
observed. 


Super  *Zip  straight  Rinel  Test 
Configuration 


In  all  four  of  the  above  test  configurations, 
selective  sets  of  tri-axial  accelerometers 
(Endevo  Hode  2225A)  were  installed  on  the 
test  articles  at  various  locations  to  measure 
the  structural  shock  responses.  All 
acoelercmeters  were  stud-mounted  to  metal 
blocks  and  these  blocks  were  bolt-mounted  and 
bonded  to  the  test  hardware.  The  measurement 
locations  for  the  test  series  are  shown  in 
the  photographs  in  Figures  2  throucfr  6. 
Accelerometer  inputs  were  recorded  and 
analyzed,  and  are  presented  as  shock  response 
spectra. 


ft  t 

27.15  IN 


15.85  IN 


8 


,'v 

£ 


V 


x 


&IL 

SlW?  ?:!> 


Figure  3.  Siper*zip  curved  Panel  last  configuration 
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tests  were  successfully  accomplished  and  the 
overall  test  objectives  were  met,  although 
some  data  were  not  satisfactorily  recorded 
due  to  instrunentation  problems.  in  the 
following  congarisons,  the  shock  response 
spectrin  is  used  to  define  the  shock 
environment  for  the  various  test 
configurations,  conditions,  and 

instrunentation  locations.  The  shock  spectra 
are  analyzed  fran  the  measured  acceleration 
responses  with  a  dynamic  amplification  factor 
(Q)  of  20. 

Figure  7  compares  the  maximun  envelopes  of 
shock  data  obtained  fran  the  curved  panel 
tests  for  both  Super *Z ip  normal  separation 
and  test  failure  (i.e.,  non-separation  or 
tube  rupture).  Clearly,  the  shock  levels 
generated  by  Super*zip  detonation  from  normal 
separation  are  much  greater  than  those 
obtained  fran  tube  rupture  cases.  It  appears 
that,  because  of  tube  rupture,  significant 
mechanical  energy  was  absorbed  by  other 
sources. 


FREQUENCY  (NS 


Figure  8  illustrates  the  shock  response 
levels  reduced  from  the  data  measured  near 
the  Super*Zip  band  in  four  repeat  panel 
firings  with  the  same  charged  grain  size  (8 
grain  per  foot  single  element  detonating 
cord)  and  temperature  (-38°C) .  The  shock 
response  spectrun  of  four  firings  does  appear 
repeatable  except  at  the  low  frequency 
portion,  where  one  test  seems  to  be  much 


r  «<«> 

Figure  7.  Oacparieon  of  Shock  levels  curing 
super*Zip  Normal  Separation  vs. 
test  Failure 


Figure  8.  Shock  Meaouranents  Near  Super*Zip 
for  8  gr/ft  at  -38°C 


higher  than  the  other  three  test  firings.  Bv 
investigating  the  acceleration  measurement  of 
this  channel,  it  was  found  out  that  a 
Tialf-eine*  pulse  shift  (or  low  frequency 
content  error)  existed  and  the  data  is  not 
considered  to  be  valid.  O'er  all  the 
firiny-to  firing  variations  of  Super*Zip 
shock  environments  are  much  less  than  3dB. 

Figure  9  shows  the  overall  comparisons  of 
ahrck  levels  for  different  cord  size  firings. 
The  shock  spectrum  levels  as  plotted  were 
reduced  from  the  data  measured  near  the 
*>uper*Zip  band  (approximately  within  3 
jHhes),  thus  should  not  be  affected  by  the 
variations  in  teat  configuration.  It  was 
also  predicted  that  the  effect  of  cold 
temperature  (-38"yC)  would  be  equivalent  to  a 
decrease  in  the  charged  grain  size  by  one  and 
would  hav^  no  effect  on  the  Super*?,  ip 
function  as  veil  as  the  structure  shock 
response  levels.  Comparisons  of  these  data 
indicate  that  shock  levels  at  frequencies 
above  SCO  Kz  are  quite  similar  among  all  test 
firings.  However,  considerable  scatter  in 
the  low-frequency  region  is  evident.  Further 
analyses  were  performed  and  no  definite 
relationship  between  shock  amplitudes  and 
charged  grain  size  could  be  defined.  In 
fact,  because  of  the  instrumentation  ranging 
problem  and  prevailing  rdgnal-to-noisc 
ratios,  the  data  for  the  lower  frequencies  is 
likely  to  be  influenced  by  the  system  noise 
floor.  JPL  test  results  doaonstrated  that 
during  the  normal  separation  of  the  super *2 ip 
joint,  the  effect  on  the  induced  shock  level 
of  increasing  the  charged  grain  size  is 


Figure  9.  Shock  Level  variations  tear 
Super*zip  Band  with  Charged  Grain 
Size 


insignificant  and  can  be  neglected.  Prior  to 
these  tests,  based  on  analytical  predictions 
for  linear  pyrotechnic  devices,  the  higher 
charge  was  expected  to  increase  shock  levels 
by  1  dB  for  every  2  grain/ft  increase  (shock 
level  is  proportional  to  the  square  root  of 
charge  grain  increase) .  Since  the 
firing-to-firing  variation  of  shock  levels 
with  no  difference  in  test  configuration  is 
typically  in  the  1  or  2  dB  range,  the  above 
tests  were  not  able  to  verify  this 
prediction. 

Figures  10  and  11  include  the  data  rteasured 
at  locations  further  away  from  the  Super ip 
joint.  In  the  previous  figures,  the  data  was 
baaed  on  the  measurements  near  the  shock 
source,  and  os  expected,  no  effects  due  bo 
the  test  boundary  conditions  on  the  shock 
ers'ifosroent  were  noticed.  As  the  shock 
pulse  propagates  through  the  structure,  the 
response  acceleration  atqalitode  is  expected 
to  attenuate  and  the  wave  fora  is  codified  by 
reflections  from  the  boundary,  tear  the  edge 
of  test  article  and  at  the  interfaoe  of  the 
mounting  equipment,  tl*e  effects  of  the 
boundary  conditions  could  be  quite 
pronounced.  Figures  10a  and  10b  compare  the 
ttaxisuR  envelopes  of  shock  spectra  data 
obtained  from  both  the  panel  and  full 
circumferential  ring  tests.  (Nearly,  the 
shock  levels  measured  at  both  ends  of  the 
best  panel  during  the  open-panel  bests  are 
considerably  higher  than  the  full-rino  tests. 
Both  figures  shew  a  similar  hi^sei  shock, 
level  (above  9  do  or  higher)  at  frequencies 
above  1  kHz.  This  is  probably  the  result  of 


shock  waves  reflected  back  from  the  two  open 
edges  which  run  perpendicular  to  the 
Super*Zip  joint.  However,  the  test  results 
also  indicate  that  the  additional  structure 
attached  on  the  edge  of  the  shell  adapter  for 
the  spacecraft  test  has  relatively  little 
effect  on  the  shock  environment.  Uiis  is 
demonstrated  in  Figure  10a  for  the 
measurement  at  the  forward  ring  frame 
location,  (rata  at  the  upper  adapter  frame 
fran  the  full-scale  Spacecraft  test  was  not 
available  for  comparison  due  to 
instrumentation  failure) .  This  result  was 
contrary  to  expectations.  It  was  anticipated 
that  the  shock  environment  at  the  shroud  edge 
would  be  affected  by  weight  differences.  No 
explanation  can  be  concluded. 

Also,  it  was  predicted  that  the  shock  levels 
would  be  higher  in  the  direction 
perpendicular  to  the  test  panel  or  in  the 
radial  direction  of  the  shell  structure.  In 
Figure  10b,  shock  response  levels  in  three 
perpendicular  directions,  at  a  distance  away 
fran  the  Super *Z ip  joint,  are  shown.  As  can 
be  seen  fran  the  figure,  all  three  responses 
are  quite  pronounced.  However,  by  reviewing 
the  test  data,  sane  variation  in  the  shock 
response  spectra  for  the  different 
measurement  locations  could  be  observed. 
Further  caiparisons  were  performed  to 
determine  whether  or  not  a  trend  existed 
which  defined  the  shock  proportion 
direction.  No  specific  relationship  could  be 
defined.  It  was  only  found  that  the  shock 
levels  in  the  longitudinal  direction 
(perpendicular  to  the  super*zip  joint)  are 
the  strongest  in  the  high-frequency  range 
(above  3000  Hz)  and  the  shock  in  the  radial 
direction  dominates  the  middle-frequency 
range  (between  IK  Hz  to  3K  Hz) .  Thus,  there 
is  an  indication  that  the  tangential 
accelerations  are  slightly  analler  than 
either  the  radial  or  longitudinal 
accelerations. 

Figure  11a  shows  the  overall  comparison  of 
the  maximum  envelope  of  shock  response  levels 
at  several  different  measurement  locations  in 
the  shell  structure  during  the  super*Zip 
detonation.  Normally,  one  would  expect  that 
the  shock  level  will  be  attenuated  froa  the 
source  os  measured  along  the  shock 
propagation  path.  However,  the  results  shew 
that  the  levels  are  virtually  constant  ewer 
the  entire  shell  adapter  (i.e. ,  ctx<sare  the 

Deepen  Section  and  the  Upper  adapter),  and 
only  a  alight  reduction  observed  at  the 
Centaur  Interface  which  is  a  far  distance 
below  the  SJper*2ip  separation  plane 
(approximately  100  inches  from  the  Super*Zip 
joint).  This  is  probably  due  to  the  fact 
that  the  Super*Zip  pyto  device  is  a  line 
source  instead  of  a  point  source.  A  point 
source  propagating  into  s  plane  decays  at  the 
rate  proportional  to  the  travel  distance, 
while  a  line  source  propagating  into  a  plane 
decays  considerably  more  slowly,  or  virtually 
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Figure  10a.  shock  ESwironaent  at  forward  Ring 
Frame  (Reference  6} 
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Figure  1Gb.  Shoe'*,  Bvi  torment  at  t^sper 
Adapter  Frame  (Reference  6) 
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no  decay  over  short  distances.  The  only 
significant  attenuation  was  noted  between  the 
shock  levels  in  the  immediate  vicinity  of  the 
Super*zip  and  the  remainder  of  the  ehell 
adapter.  This  reduction  (approximately  6&) 
hap  to  do  with  the  joints  the  shock  oust 
travel  through  to  reach  the  adapter. 


Figure  11b  shows  the  maximum  envelopes  of  the 
shock  response  measurements  at  the  interfaces 
of  strut  support  locations  (probe  and  Bay  E, 
illustrated  in  Figures  4  and  5) .  The  support 
struts  are  shock  isolation  structures.  As 
the  shock  wave  propagates  throucfi  the  strut 
and  reaches  the  equipment  package,  the 
acceleration  amplitude  is  reduced  by  a 
considerable  amount.  caparison  of  this 
figure  with  the  response  levels  shown  in 
Figure  11a  shows  the  shock  levels  in  the 
strut  are  about  8  &  less  than  the  responses 
measured  at  the  shell  adapter.  Figure  lib 
also  shows  a  response  measurement  at  the  Bus 
location.  This  shock  response  spectrum 
illustrates  a  typical  structural  response  in 
the  flight  spacecraft  during  the  super *Z ip 
band  separation.  The  Bus  is  located  sane 
distance  above  the  shock  source.  The  shock 
l  espouses  are  affected  by  the  local  structure 
resonance  as  well  as  the  structural  interface 
joints.  The  shape  of  the  shock  spectrum  is 
highly  dependent  on  the  structural 
transmission  path  and  is  primer ly  dominated 
by  the  local  dynamics  characteristics.  For 
example,  the  high  shock  response  of  the  Bus 
at  the  frequency  around  800  Hz  is  probably 
the  local  resonant  frequency  of  the 
structure. 


The  experimental  test  program  desieped  to 
etucty  the  super*zip  shock  characteristics 
went  as  planned  and  the  data  obtained  from 
these  teste  have  provided  qualitative 
indications  of  the  shock  environments  for 
different  configurations.  This  study 
reported  herein  indicates  the  following 
conclusions  and  recommendations. 


Firing-to-firing  variations  of  the  shock 
response  levels  during  the  Super*Zip 
band  separation  are  quite  snail  and  are 
typically  less  than  3  <£  fraa  all  test 
firings. 


A  higher  grain  cord  was  selected  for  the 
Galilee  spacecraft  for  assurance  of  full 
separation  charge.  The  increase  f ran  9 
to  11  grain  per  foot  vas  expected  to 
increase  shock  levels  by  about  1  cB. 
This  increase  in  not  observed  in  the 
test  results,  in  oorporison  vith  the 
f *  r  Ing-to-f i r ing  variations,  the  effects 
on  shock  levels  of  increasing  oord 
sizes  can  be  negligible. 


Changing  test  terperaturo  coalitions 
wre  expected  to  produce  changes  in  the 
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Figure  11a.  Overall  CXnparison  of  Super*2ip 
Shock  Response  Levels 


chock  environment,  but  teat  results  show 
that  the  effects  on  chock  responses  due 
to  temperature  are  in aiiyiif leant.  (The 
change  of  temperature  on  the  Galileo 
Spacecraft  operation  is  between  -38°C 
to  152°P.) 

-  Effects  of  boundary  conditions  on  chock 
response  at  a  distance  away  from  the 
source  (i.e, ,  Super*Zip  joint)  are  quite 
sigiif  leant  for  the  open-panel 
configuration.  No  significant 

difference  was  observed  in  shock 
measurements  between  the  partial 
stack-up  and  full  Spacecraft  teats. 

Distance  attenuation  of  the  shock  pulse, 
generated  by  Super*Zip  detonation  and 
propagating  into  the  ch  ell-type 
structure,  is  extremely  small  and  can 
be  disregarded  in  short  shell  adapters. 

Shock  responses  in  all  three  directions 
that  were  measured  are  quite  pronounced. 
There  is  an  indication  that  the 
tangential  acceleration,  at  a  distance 
away  fran  the  shock  source,  is  slightly 
analler  than  the  other  two  directions. 

Figure  12  is  a  Burma  ry  of  the  shock 
environnent  that  was  used  for  Galileo 
spacecraft  equipment  design.  Basically, 
three  locations  were  sampled  t  1)  The 

iaoBdiate  vicinity  of  the  Super*Zip  joint,  2) 
any  place  else  on  the  shell  adapter,  and  3) 
equipment  attached  to  the  shell  adapter 
through  standard  types  of  struts.  These 
envelopes  of  the  measured  shock  spectrum 
curves  as  presented  along  with  the  other 
dynamic  characteristics  described  herein  can 
be  used  as  guidelines  applicable  to  flight 
equipment  design  requirarents  in  relation  to 
the  Super  *Z  ip  separation  shock  problem  and  is 
typically  how  JH.  approaches  the  problem. 
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The  work  presented  in  this  paper  was  carried 
out  by  the  Jet  Propulsion  laboratory, 
California  institute  of  Technology,  under 
contract  with  the  national  Aeronautics  and 
i^eor  Ado  ini  str  ation. 
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Figure  lib.  Shock  Qrrvlrortaents  at  various 
Equipment  Locations  (Reference  7) 
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Figure  12.  Shock  Bwironnent  for  Bjuipsent 
Design 
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Discuss  ton 


Voice;  I  noticed  the  higher  charge  gives  less 
acceleration  below  one  kilohertz.  Thirteen 
grans  per  foot  gives  less  acceleration  than 
eight  grans  per  foot.  Is  there  a  rough 
explanation  why?  There  is  more  energy  in  13 
grams  per  foot  than  eight  grams  per  foot. 

Hr.  Chang:  I  know  what  you  are  talking  about. 

I  guess  that  is  typical.  There  is  probabl • 
noise  in  the  low  frequency  range,  so  we  are  not 
sure  of  the  level. 


NUMERICAL  SIMULATION  OF  ATLAS-CENTAUR  STAGE-SEPARATION 
SHAPED  CHARGE  FIRING  AND  STRUCTURAL  RESPONSE 
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Physics  International  Company 
San  Leandro,  CA  94577 


and 


Norm  Viste  and  Jack  Weber 
General  Dynamics  Convair  Division 
San  Diego,  CA  97138 


Numerical  simulations  have  been  made  of  a  flexible  linear  shaped 
charge  missile  3tage  separation  system.  3oth  the  shaped  charge 
firing  and  the  missile  structural  response  are  modeled  in  detail. 
The  numerical  approach  is  verified  by  good  agreement  with  labora¬ 
tory  ballistic  pendulum  tests  and  full  scale  stage  separation 
tests.  Parameter  studies  with  the  model  have  helped  to  identify 
a  particular  sensitivity  of  peak  stress  to  a  gap  dimension. 


INTRODUCTION 

In  June  1984  an  Atlas-Centaur 
launch  vehicle,  flight  AC62,  experienced 
an  in-flight  failure  due  to  a  leak  in 
the  liquid  oxygen  propellant  tank  immed¬ 
iately  after  the  firing  of  the  stage- 
separation  shaped  charge.  This  paper 
describes  some  numerical  simulations 
of  the  stage  separation  event  which 
were  made  in  support  of  a  failure  inves¬ 
tigation,  and  compares  the  results  of 
the  calculations  with  full  scale  tests 
conducted  at  the  General  Dynamics  Syca¬ 
more  test  site.  The  simulations  charac¬ 
terise  the  dynamic  stresses  in  th,t  vehicle 
after  the  shaped  charge  firing  and  show 
the  dependence  of  these  stresses  upon 
the  parameters  which  may  have  a  range 
of  values  or  which  were  different  in 
flight  AC4  2  than  in  other  flights. 

Figure  1  shows  a  simplified  cross- 
sectional  view  of  the  Atlas-Centaur 
stage -separation  system.  A  flexible 
linear  shaped  charge  encircles  an  alumi¬ 
num  forward  adapter  ring  (also  called 
the  interstage  adapter  ring,  or  ISA 
ring)  and  is  aimed  radially  inward 
toward  a  blast  shield,  which  protects 
the  under-lying  liquid  oxygen  tank. 

When  detonated,  the  shaped  charge  cuts 
the  adapter  ring.  The  probable  failure 
point  vas  determined  to  be  near  station 
<15.  (The  station  number  is  an  axial 
coordinate,  measured  m  inches,  in  a 
frame  oriented  fro®  the  forward  to 


the  aft  end  of  the  vehicle.) 

The  dashed  lines  in  Figure  1 
indicate  an  alternate  design,  in  which 
the  aft  part  of  the  ISA  ring  has  been 
undercut.  This  modification  was  made 
partly  as  a  result  of  the  present  study 
and  was  used  in  the  subsequent  flight, 
AC63.  The  reason  for  the  modification 
is  that  it  reduces  the  speed  with  which 
the  aft  part  of  the  cut  ISA  ring  impacts 
the  blast  shield,  which  in  turn  reduces 
the  dynamic  stresses  in  the  tank. 

Numerical  Method 

The  calculations  were  made  with 
the  PISCES  2DELK  computer  program, 
a  two-dimensional  general  purpose  finite 
difference  program  for  problems  Involv¬ 
ing  transient  stress  waves  (Reference 
1).  PISCES  has  been  used  extensively 
to  predict  the  performance  of  shaped 
charges  (Reference  2)  and  other  ordnance 
devices  (Reference  3) ,  and  in  the  nuclea: 
industry  it  has  been  used  to  predict 
fluid-structure  interactions  (Reference 
4).  It  is  therefore  well  suited  to 
simulating  the  transient  stresses  in 
the  Centaur  tank  due  to  shaped  charge 
f iring. 

In  PISCES  calculations,  an  analyst 
may  choose  to  represent  material  with 
a  thin  shell,  a  continuum  Lagrangian, 
or  Euler ian  formulation.  The  Lagrangian 
formulation  uses  quadrilateral  continuum 
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elements  to  follow  the  motion  of  mater¬ 
ial  undergoing  moderate  deformations, 
and  can  follow  severe  deformations 
with  the  aid  of  rezoning  techniques. 

The  Eulerian  formulation  uses  a  mesh 
which  is  fixed  in  -space,  and  is  appro¬ 
priate  for  fluid  flows.  Eulerian  and 
Lagrangian  meshes  can  be  rezoned,  and 
Lagrange  meshes  can  be  mapped  into 
Euler  meshes  when  required.  Bot,.  of 
these  rezoning  features  were  used  in 
the  course  of  the  stage-separation 
calculation  to  improve  accuracy  and 
reduce  cost. 

The  very  large  variation  in  time 
scales  for  the  stage-separation  problem 
required  the  use  of  two  separate,  coupled 
numerical  models.  An  "early-time" 
model  covered  the  details  of  the  shaped 
charge  detonation  and  initial  tank 
loading  out  to  a  time  of  about  100 
microseconds  (vjs)  .  A  "late-time"  model 
was  used  to  continue  the  solution  out 
to  10  milliseconds.  The  late-time 
model  included  the  entire  liquid  oxygen 
tank  so  that  long  time  fluid-structure 
interaction  effects  would  be  included 
in  the  simulation. 

EARLY-TIME  CALCULATIONS 

The  perspective  drawing  in  Figure 
2  of  the  region  in  the  vicinity  of 
the  linear  shaped  charge  shows  staggered 
spot  welds,  rivets,  bolted  components, 
and  stiffeners  that  are  non-axisymmetric . 
In  addition,  there  are  numerous  other 
asymmetries  not  shown  in  the  figure, 
including  circumferential  gaps  in  the 
ISA  ring  as  well  as  variations  of  the 
tank  thickness  in  the  circumferential 
direction  due  to  doubler  plates  at 
seams  between  gore  sections.  Despite 
these  asymmetries,  axial  symmetry  was 
assumed  for  both  the  early-  and  late- 
time  calculations.  Although  wo  could 
not  hope  to  reproduce  the  local  stresses 
near  asymmetry  points  with  this  approxi¬ 
mation,  we  expected  the  axisynmetric 
model  to  give  a  good  indication  of 
the  dynamic  tank  stresses  away  from 
asyewet  ry  points  because  the  stage- 
separation  is  essentially  an  axisym- 
ceetrie  event.  The  comparison  with 
the  Sycamore  test  data  in  the  next 
section  confirms  this  expectation. 

The  welded,  bolted,  and  riveted 
components  were  idealised  as  being 
rigidly  joined  together  in  the  model. 
Since  this  idealisation  neglects  the 
damping  and  dispersion  o'  waves  which 
is  expected  to  occur  as  small  gaps 
open  and  close,  the  consequence  of 
this  assumption  will  be  that  the  computed 
peak  stresses  may  be  somewhat  over¬ 
estimated  by  the  model  ,  particulas'ly 


the  higher  frequency  peaks. 

Figure  3  is  a  global  view  of  the 
computational  meshes  representing 
the  region  in  the  vicinity  of  the 
shaped  charge.  Th_  boundaries  of 
the  mesh  were  far  enough  from  the 
region  of  interest  that  no  artificial 
boundary  reflections  could  return 
in  the  duration  of  the  early-tirae 
calculation. 

To  simplify  the  early-time  analysis, 
the  initial  static  stress  in  the  tank 
was  taken  to  be  zero.  (The  appropriate 
initial  static  stress  state  was  included 
in  the  late-time  model,  however.) 

The  consequence  of  this  simplification 
is  considered  to  be  negligible. 

The  calculations  all  began  with 
Lagrange  meshes  in  the  vicinity  of 
the  shaped  charge.  After  1  us  the 
liner  and  explosive  were  transformed 
from  Lagrange  to  Euler  zoning.  This 
was  done  to  accurately  follow  the 
deformation  of  the  jet  and  the  gas- 
dynamic  flow  of  the  detonation  products 
during  the  penetration  of  the  ISA 
ring. 

The  initial  Euler  mesh,  containing 
both  the  explosive  and  the  liner, 
was  maintained  until  8  us  after  detona¬ 
tion.  At  that  time  the  zone  dimensions 
were  increased  by  a  factor  of  two, 
and  the  mesh  boundaries  were  extended 
to  cover  the  enti.e  cavity  between 
the  shaped  charge  confinement  and 
the  ISA  ring.  The  change  decreased 
the  computational  cost  significantly 
without  affecting  the  computed  trend 
in  the  pressure  history  of  the  explosive. 
The  Euler  cell  dimensions  were  doubled 
again  at  20  us.  For  calculations 
that  ran  longer  than  40  us,  the  Euler 
mesh  was  dropped  along  with  the  con¬ 
finement,  since  virtually  all  of  the 
impulse  had  been  delivered  to  the 
structure  by  that  time. 

Table  )  lists  the  sequence  of 
loading  events  in  a  calculation  which 
is  representative  of  AC&2  conditions. 

This  calculation,  which  is  referred 
to  as  the  "T^A  Impact"  calculation, 
had  an  ISA  ring/blast  shield  gap  of 
0.127  sfsx  (O.OOS  incises). 

About  0.5  ,-s  after  detonation, 
a  shock  was  transmitted  through  the 
fiberglass  body  and  into  the  ISA  ring. 

The  shaped  charge  jet  and  the  edges 
of  the  liner  injxactcd  the  ISA  ring 
at  about  1  us.  The  jet  penetrated 
and  separated  the  ISA  ring  in  the 
interval  l;.s  to  2  vs.  The  slug  wedged 
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in  the  slot  created  by  the  jet,  The  liquid  oxygen  contained  in 

blocked  the  venting  of  the  explosive  the  tank  propagated  pressure  waves  which 

through  the  slot,  and  pushed  against  interacted  with  the  stresses  that  move 

the  walls  of  the  slot  for  a  few  micro-  along  the  skin.  The  explosive  pressure 

seconds.  As  the  slot  opened,  explosive  continued  to  load  the  ISA  ring  and  to 

gases,  followed  by  the  slug,  emerged  launch  the  confinement  mass  during  the 

from  the  rear  of  the  ISA  ring  to  impact  last  part  of  the  calculation, 
on  the  blast  shield.  Meanwhile  the 
very  intense  initial  impact  stresses 
had  propagated  indirectly  through 
the  aft  tank  ring  (identified  in  Figure 
2)  to  accompany  the  direct  stresses. 


Table  1.  Load  paths  in  the  ISA  impact  shaped  charge  calculation. 

Influences  on  peak  stresses  were  deduced  from  the  late¬ 
time  calculations  The  amounts  of  momentum  transferred 
along  selected  paths  are  indicated. 

Loading  Event 

Interval 

Influence 

Transmission  of  detonation  shock 
through  confinement  to  ISA  ring 

0.0  to  0.5 

US 

Small 

Impact  of  edges  of  liner  onto-  ISA  ring 

1.1  Us 

Small 

Jet  impact  and  penetration  through 

ISA  ring  (80  kg-m/s  radial,  20  kg-m/s 
axial) 

1.1  to  2.0 

ua 

Accelerates 

ISA  ring 

Motion  of  the  aft  tank  ring 

2  to  20  Us 

Secondary 

Impact  of  slug  and  early  expansion 
of  explosive  (20  kg-m/s  radial, 

30  kg-m/s  e.xial) 

4  to  8  U3 

Accelerates  ISA 
ring,  increases 
tank  tansion 

Impact  of  residual  jet  and  explosive 
gases  onto  blast  shield 

4  to  12  us 

Small 

Impact  of  aft  part  of  ISA  ring  onto 
blast  shield  (40  kg-m/s  radial) 

8  ps 

Causes  high 
peak  stress 

Impact  of  forwar  .  part  of  ISA  ring 
onto  blast  shield  (20  kg-m/s  radial) 

18.5  us 

Secondary 

Compression  of  LGX 

8  to  30  Us 

Secondary 

Late  expansion  of  explosive  (20  kg-m/s 
radial,  80  kg-m/s  axial) 

8  to  40  ms 

Increases  tank 
tension 

Contact  between  tank  skin  and  LOX 
(120  kg-m/s  radial,  30  kg-m/s  axial) 

8  to  40  Ms 

Secondary 

Results  of  Parameter  Studies  with  the  separation  on  the  peak  stresses  will 

Early-Time  Model _ _ _  be  illustrated  by  comparing  the  “ISA 

impact"  calculation,  mentioned  above. 

Parameter  studies  were  made  with  with  a  calculation  of  the  undercut 

the  early-time  model  to  study  the  sensi-  ring  configuration,  which  had  an  ISA 

tivity  of  the  results  to  such  variables  ring/blast  shield  gap  of  1.52  mm  (0.060 

as  the  ISA  ring/blast  shield  separation  inches), 

distance,  the  type  of  blast  shield 

support,  the  distance  between  the  blast  Figure  4  is  a  mesh  plot  of  the 

shield  and  the  tank,  and  the  tank  con-  region  in  the  vicinity  of  the  shaped 

tents.  The  key  conclusion  regarding  charge  with  symbols  marking  some  points 

the  effect  of  the  ISA  ring/blast  shield  of  interest.  The  radial  velocities 


of  tho  points  labeled  with  squares 
are  compared  in  Figure  5  for  the  ISA 
Impact  and  Undercut  Ring  calculations. 

The  velocity  of  the  aft  part  of  the 
ISA  ring  was  at  its  peak  at  the  moment 
of  impact  for  the  ISA  Impact  calculation. 
The  impact  velocity  was  much  lower 
for  the  Undercut  Ring  calculation  (bottom 
plot)  . 

In  the  ISA  Impact  calculation,  the 
aft  part  of  the  ISA  ring  impacts  the 
blast  shield  at  about  8  pe.  It  has 
a  relatively  high  velocity  at  the  moment 
of  impact  which  is  transmitted  to  the 
blast  shield  and  the  tank  sk.in.  This 
contrasts  with  the  undercut  ring  config¬ 
uration,  where  the  aft  part  of  the 
ISA  ring  impacts  the  blase  shield  much 
later,  at  83  ps,  and  the  velocity  at 
impact  is  much  lower. 

The  peak  velocity  of  the  tank  skin 
beneath  the  blast  shield  is  plotted 
in  Figure  6  for  the  two  calculations. 

The  peak  velocity  is  much  lower  for 
the  undercut  ring,  and  the  continuation 
of  these  calculations  with  the  late¬ 
time  model  showed  that  the  peak  tank 
stresses  are  also  lower  for  the  undercut 
ring. 

Parameter  studies  of  tank  contents 
were  made  because  the  Sycamore  tests 
used  liquid  nitrogen  instead  of  liquid 
oxygen  in  the  tank.  The  presence  of 
liquid  nitrogen  in  place  of  liquid 
oxygen  increased  the  peak  velocity 
from  20.7  to  23.8  m/s  (68  to  78  fps) 
due  to  the  lower  impedance  of  liquid 
nitrogen,  so  the  Sycamore  tests  should 
have  overestimated  the  peak  stresses 
and  strains.  A  calculation  was  also 
made  with  an  empty  tank  to  simulate 
a  large  bubble  of  helium  gas  situated 
directly  undor  the  tank  skin,  and  it 
produced  the  highest  peak  tank  speeds. 

(The  actual  occurrence  of  such  a  bubble 
was  considered  to  be  unlikely,  however.) 

Verification  of  Shaped  Charge 
Performance  Calcuiat ions 

The  computed  performance  of  the 
shaped  charge  was  verified  with  tests 
against  an  ISA  ring  mockup  and  with 
ballistic  pendulum  experiments.  The 
testa  were  made  with  a  given  lot  of 
shaped  charges  that  was  considered 
typical  of  the  ones  used  in  flight 
AC62. 

The  mockup  included  sections  of 
the  ISA  ring  and  the  two  layers  of 
tho  two-piece  blast  shield  attachment 
(see  Figure  1).  Tho  blast  shield  attach¬ 
ment  was  pitted  by  residual  jot  and 
its  surface  was  spattered  with  material. 


The  left  (front)  side  of  the  ISA  ring 
wao  bent  by  the  action  of  the  shaped 
charge  and  its  profile  is  in  good  agree¬ 
ment  with  the  computed  shape  at  20  us 
(Figure  7) . 

In  th  j  pendulum  test,  illustrated 
in  Figure  8,  a  short  length  of  the 
linear  shaped  charge  was  fired  into 
a  suspended  metal  block.  The  momentum 
delivered  to  the  block  was  derived 
from  a  measurement  of  the  height  that 
the  pendulum  swings. 

The  observed  momentum  was  241 
kg-m/sec  when  scaled  to  a  linear  shaped 
charge  length  of  962  cm,  the  circumfer¬ 
ence  of  the  shaped  charge  when  employed 
against  the  ISA  ring.  The  calculated 
momentum  for  the  ballistic  pendulum 
simulation  was  247  kg-m/sec,  and  the 
good  agreement  validated  the  shaped 
charge  model  used  in  the  calculations. 

LATE-TIME  MODEL 

Figure  9  shows  the  model  used 
in  the  late-time  calculations.  The 
liquid  oxygon,  helium,  and  insulation 
were  computed  with  a  Lagrange  mesh, 
and  the  tank  parts  were  computed  with 
thin  shell  grids.  Slip  was  allowed 
between  the  liquid  oxygen  and  the  tank. 
The  helium  was  assumed  to  be  entirely 
at  the  top  of  the  tank.  Fluid-structure 
interaction  was  neglected  in  the  hydro¬ 
gen  due  to  its  relatively  large  distance 
from  the  failure  location. 

The  numerical  model  necessarily 
neglects  weld  details.  In  regions 
of  the  structure  where  shells  are  over¬ 
lapped,  sliding  and  gap  opening  were 
not  allowed,  and  the  bending  stresses 
were  computed  by  each  shell  independent¬ 
ly,  rather  than  based  upon  the  full 
thickness  of  the  layers.  It  would 
have  been  more  conae'-vati ve  to  use 
the  full  thickness  for  bending  in  regions 
where  we ) ds  a r e  c 1 ose 1 y  spaced  axially, 
but  the  results  at  station  415  (the 
likely  failure  location)  are  probably 
affected  very  lit.’.e  by  the  choice 
of  shell  bending  thickness,  since  sta¬ 
tion  415  is  In  a  single  thickness  region. 

Prior  to  shaped  charge  firing, 
the  Centaur  tank  is  tressed  by  the 
internal  pressures  in  the  liquid  oxygen 
and  hydrogen  tanks  and  by  the  thermal 
stresses  induced  by  the  low  temperatures. 
This  initial  stress  state  was  found 
in  the  late -time  model  with  the  method 
of  dynamic  relaxation..  The  late-timo 
model  was  started  by  driving  each  of 
tho  nodes  near  tho  shaped  charge  with 
the  veiccitios  computed  with  the  early- 
tirae  model.  The  nodep  wore  then  allowed 


to  move  without  constraint  after  the 
time  of  completion  of  the  early-time 
calculation 

Comparisons  with  Sycamore  Tests 

Two  full-scale  Sycamore  tests  were 
compared  with  numerical  results.  A 
test  which  took  place  on  1  March  1985 
had  a  0.28  MPa  (41  psi)  tank  pressure 
and  used  an  ISA  ring  which  was  undercut 
from  between  0.76  to  1.52  mm  (.030 
to  .060  inches),  and  it  will  be  refer¬ 
red  to  here  as  the  "AC63  conditions" 
test.  A  test  which  took  place  on  13 
March  1985  had  a  0.35  MPa  (51  psi) 
tank  pressure  and  used  the  original 
ISA  ring,  which  had  a  nominal  gap  size 
of  0.127  mm  (0.005  inches)  between 
the  aft  edge  of  the  ISA  ring  and  the 
blast  shield.  This  test  will  be  referred 
to  here  as  the  "AC62  conditions"  test. 

The  major  differences  between  the  Syca¬ 
more  teat  conditions  and  flight  condi¬ 
tions  are  that  the  Sycamore  tests  used 
liquid  nitrogen  rather  than  liquid 
oxygen  and  were  at  1-g  rather  than 
zero-g.  Measurements  from  the  two 
Sycamore  tests  were  compared  to  avail¬ 
able  calculations  which  most  closely 
matched  their  conditions-.  The  first 
of  these  two  calculations  is  a  true 
representation  of  the  Sycamore  test 
conditions,  with  a  tank  of  liquid  nitro¬ 
gen,  gravity,  and  a  model  of  the  support 
structure.  The  second  is  representative 
of  flight  conditions  rather  than  test 
conditions,  since  it  was  made  with 
a  tank  of  liquid  oxygen  and  zero  gravity. 
However,  these  differences  are  thought 
to  be  of  secondary  importance  as  far 
as  the  initial  response  at  station 
415  is  concerned,  so  a  meaningful  com¬ 
parison  could  be  made. 

The  Sycamore  tests  were  instrumented 
with  both  high  frequency  (20000  Hertz) 
and  low  frequency  (4000  Hertz)  strain 
gages.  The  numerical  calculations 
wore  carried  out  with  a  time  step  of 
0.9  us  and  therefore  contain  frequencies 
considerably  above  20000  Moroz.  Since 
the  computed  stresses  near  station 
415  did  contain  a  significant  high 
frequency  component,  they  were  filtered 
in  order  to  make  a  meaningful  comparison 
with  the  test  results.  Figure  10  shows 
the  effect  of  filtering  on  the  response 
at  station  415  for  AC63  conditions 
test.  The  peak  stress  is  reduced  from 
a  peak  of  1.16  GPa  (168  ksi)  in  the 
calculation  to  0.897  GPa  (130  ksi) 
with  the  20000  Hertz  filter  and  to 
0.724  GPa  (105  ksi)  with  the  4000  Hertz 
filter. 

Figure  11  compares  the  computed 
and  measured  meridional  stress  for 
the  AC63  conditions  test  at  gage  3, 


which  is  located  at  station  415  in 
the  single  thickness  tank  skin  region 
between  gore  doublers  (see  Figures 
1  and  2) .  Strain  gage  measurements 
were  made  on  both  the  inside  and  outside 
tank  surfaces.  The  agreement  of  the 
inner  and  outer  gages  is  remarkably 
good,  with  the  main  feature  of  a  bending 
wave  arriving  at  a  time  of  300  us  clear¬ 
ly  seen  in  both  calculations  and  test. 

The  peak  computed  stress  at  the  outside 
surface  was  0.897  GPa  (130  ksi)  as 
compared  to  the  measured  peak  of  0.827 
GPa  (120  ksi) ,  and  the  minimum  computed 
stress  on  the  inside  surface  was  0.31 
GPa  (45  ksi)  as  compared  to  a  measured 
0.124  GPa  (18  ksi) . 

Figure  12  compares  the  computed 
and  measured  meridional  stress  for 
the  AC62  conditions  test  at  gage  3 
(station  415).  As  in  the  AC63  condi¬ 
tions  test,  the  agreement  of  the  inner 
and  outer  gages  is  remarkably  good, 
with  the  main  feature  of  a  bending 
wave  arriving  at  a  time  of  300  us  clear¬ 
ly  seen  in  both  calculation  and  test. 

The  computed  0.97  GPa  (141  ksi)  peak 
stress  at  the  outer  surface  compares 
well  with  the  0.99  GPa  (144  ksi)  level 
seen  in  the  test,  and  the  computed 
minimum  stress  of  0.17GPa(25  ksi'  on 
the  inside  surface  is  in  good  agree¬ 
ment  with  the  0.23  GPa  (34  ksi)  measured 
value . 

To  summarize,  the  agreement  between 
the  calculations  and  the  Sycamore  tests 
is  quite  good,  especially  considering 
the  axisymmetric  assumption  and  the 
shell  junction  simplifications  that 
were  used  as  well  as  the  uncertainty 
in  the  ISA  ring/blast  shield  gap  dimen¬ 
sion  . 

Peak  Stresses 

All  calculations  showed  a  peak 
stress  occurring  at  station  415,  or 
very  close  to  it.  Figure  13  shows 
the  peak  hoop  and  meridional  stresses 
in  the  calculation  of  AC62  conditions. 
These  peak  stresses  are  the  maximum 
surface  stresses  seen  at  each  location 
during  the  10  millisecond  duration 
of  the  calculation.  There  are  several 
peaks  in  the  meridional  stress.  The 
highest  peak  occurs  at  station  415. 
Another  peak  occurs  near  station  410 
in  the  structural  cylinder  which  carries 
the  load  between  the  two  tanks.  Near 
the  aft  end  of  the  tank,  there  is  another 
peak  which  is  the  result  of  a  simple 
reflection  of  the  initial  membrane 
stress  wave  at  the  massive  motor  ring 
located  there.  The  width  of  this  peak 
is  approximately  equal  to  one  half 
of  the  width  of  the  initial  stress 
pulse,  and  its  height  above  the  static 
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curve  is  about  twice  the  amplitude 
of  the  initial  wave.  The  hoop  stress 
peak  near  station  415  is  quite  low 
compared  to  the  meridional  stress  in 
this  and  all  other  calculations  that 
have  been  made.  This  was  also  observed 
in  the  tests. 

Results  of  Parameter  Studies  with 
the  Late-Time  Model _ 

Calculations  made  by  driving  the 
late-time  model  with  different  loading 
conditions  showed  that  the  peak  stress 
at  station  415  increased  approximately 
linearly  with  the  peak  inward  radial 
velocity  imparted  to  the  tank  due  to 
shaped  charge  firing.  Since  the  early- 
time  model  showed  that  the  radial  vel¬ 
ocity  imparted  to  the  tank  depends 
critically  upon  the  size  of  the  gap 
between  the  ISA  ring  and  the  blast 
shield,  the  size  of  this  gap  is  a  criti¬ 
cal  factor  in  determining  the  peak 
tank  stress,  and  this  is  one  of  the 
major  results  of  this  study. 

Since  flight  AC62  used  a  higher 
tank  pressure  than  previous  flights, 
parameter  studies  with  different  initial 
tank  pressures  were  made.  They  showed 
that  peak  stresses  generally  differed 
by  less  than  the  difference  in  static 
stress  levels,  so  the  tank  pressure 
is  not  a  critical  factor  in  determining 
peak  stress. 

SUMMARY 

We  constructed  an  analytical  model 
of  the  Centaur  tank  and  flexible  linear 
shaped  charge,  und  used  the  model  to 
simulate  the  dynamic  stresses  in  the 
tank  during  stage-separation.  The 
model  contains  several  simplifying 
assumptions,  the  main  one  being  two- 
dimensional  axial  symmetry,  and  another 
being  the  neglect  of  sliding  and  gap 
opening  between  structural  components. 

The  early-time  model  was  checked 
by  applying  it  to  a  ballistic  pendulum 
test,  and  very  good  agreement  was 
achioved.  In  addition,  the  early- 
time  model  produced  ISA  ring  deforma¬ 
tions  similar  to  those  seen  in  experi¬ 
ments. 

The  late-time  model,  which  was 
driven  by  the  early-time  model,  was 
in  good  agreement  with  the  Sycamore 
tests,  giving  credibility  to  parameter 
studies  made  with  it. 

The  parameter  studies  with  the 
model  suggested  that  the  peak  tank 
stresses  are  most  sensitive  to  the 
size  of  the  gap  between  the  aft 


part  of  the  ISA  ring  and  the  blast 
shield.  Calculations  made  for  a  modi¬ 
fied  ISA  ring  verified  that  it  produces 
lower  peak  stresses  than  the  unmodified 
ring. 

All  calculations  showed  that  a 
moderately  high  stress,  in  the  range 
0.86-1.24  GPa  (125-180  ksi) ,  occurs 
in  the  skin  of  the  liquid  oxygen  tank 
within  300  us  after  firing.  This  stress 
is  not  considered  to  be  high  enough 
to  have  caused  the  tank  leak  experienced 
by  flight  Ac62,  however,  since  the 
tank  material  has  a  yield  point  of 
about  210  ksi  and  an  ultimate  strength 
of  about  300  ksi. 

The  most  probable  cause  of  the 
tank  leak  is  thought  to  be  an  augmenta¬ 
tion  of  the  detonation  by  external 
solid  oxygen,  a  discussion  of  which 
falls  outside  the  scope  of  this  paper. 
These  calculations  are  relevant  to 
the  detonation  augmentation  hypothesis, 
however,  since  they  have  shown  that 
a  dynamic  stress  peak  occurs  at  station 
415.  An  augmentation  of  the  detonation 
would  be  expected  to  raise  this  stress 
peak  without  changing  its  location, 
so  the  leak  experienced  at  station 
415  is  consistent  with  our  results. 
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PYROTECHNIC  SHOCK  WORKSHOP 


Pyrosliock  Workshop 
Session  I 
Chairman's  Remarks 


Daniel  b.  Van  Ert 
The  Aerospace  Corporation 
El  Segundo,  California 


This  session  will  be  involved  with  the 
interpretation  of  pyroshock  data,  and  the 
formulation  of  design  and  test  requiroaents. 
Other  topics  related  to  pyrotechnic  shock 
will  be  addressed  in  two  additional  sessions 
this  afternoon. 

I  conducted  a  survey  on  pyrotechnic 
shock  prediction  techniques  some  time  ago, 
and  I  discovered  that,  by  and  large,  we 
predict  pyrotechnic  shock  environments  by  a 
two  step  process.  First,  we  define  a  source 
level  based  on  previous  observations  for  the 
type  of  pyrotechnic  device  that  is  involved. 
Ken  Kalbfleisch  will  present  an  excellent 
review  of  shock  sources.  Next,  we  attenuate 
these  source  shock  levels  in  accordance  with 
empirically  determined  loss  factors  for  the 
path  of  transmission  fro«  the  source  to  the 
receiver.  In  most  cases  we  conduct  separa¬ 
tion  testa  which  are  meant  to  validate  Chose 
predictions.  In  my  experience,  however, 
the  data  are  seldom  studied  to  gain  further 
Insight.  Perhaps  we  don't  have  the  luxury 
or  the  motivation  to  do  a  mare  thorough 
evaluation  of  the  test  results.  We  will  hear 
a  paper  today  by  Chuck  Nooning  which  examines 
data  from  a  series  of  system  shock  tests  to 
determine  more  than  general  eonforaance  with 
predicted  levels.  We  are  dealing  with  a 
phenomenon  that  shows  significant  event- Co¬ 
event  variation,  and  that  make*  the  prediction 
task  more  dlflcult.  Assessing  the  accuracy 
of  predictions  Is  complicated  by  the  varia¬ 
bility  inherent  In  the  shock  phenomenon. 

Often  simulation  techniques  Influence  the 
way  wo  develop  the  criteria.  When  t  worked 
for  tire  Kartin  Company,  we  began  tc  r<?<ognlac 
that  pyrotechnic  shock  was  an  environment  to 
be  considered,  because  seme  very  significant 
consequences  were  In  evidence.  After  consult¬ 
ing  with  nor  test  laboratory,  l  developed 
a  160-g  terminal- peak  sawtooth  pulse  that  J 
believed  to  he  a  suitable  pyroshock  simula¬ 
tion.  It  turned  out  the  IfcO-g  pulse  was  far 
from  appropriate,  but  had  been  devised  in 
terms  of  what  5  believed  to  be  our  teat 
capability.  It  Is  difficult  to  appreciate 
the  significance  of  the  levels  Involved.  As 
Kr.  (fcjerstng  Rent  lowed  earlier,  some  people 
assert,  “pyrotechnic  shock  Is  not  even  worthy 
of  our  consideration."  Yet,  others  overreact 


when  shock  levels  In  the  thousands  of  g'a  are 
imposed,  because  they  think  of  It  in  terms  of 
steady  state  acceleration.  We  think  of  it  as 
humans  and  not  as  mechanical  devices.  I  have 
seen  failures  occur  in  components  when  they 
are  shock  tested  at  levels  that  look  to  be 
rather  insignificant  to  the  eye. 

Shock  spectrum  is  a  conventional  way  of 
specifying  test  requirements.  The  presenta¬ 
tion  by  Richard  Chalmers  will  perhaps  raise 
some  question  about  whether  acceleration  is 
the  appropriate  shock  dcscripter.  Rounding 
out  this  session,  Henry  Luhrs  will  present 
guidance  for  designing  components  to  with¬ 
stand  pyrotechnic  shock.  The  real  value  in 
this  sessien  is  the  interchange  ue  can  de¬ 
velop  among  ourselves,  because  we  have  an 
®88*cgatc  of  thousands  of  years  of  experience 
sitting  In  this  room.  So  1  encourage  free 
discussion. 
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PYROSHOCK  WORKSHOP  SESSION  II  CHAIRMAN'S  REMARKS 


Glenn  Wasz 
TRW 

San  Bernardino,  CA 


The  topics  of  discussion  in  this  session  are  instrumentaion,  data 
requirements  and  databanks.  One  of  the  main  subjects  to  be  discussed 
in  this  session  is  zero-shift,  which  will  be  addressed  by  three  of  the 
speakers. 

This  session  will  begin  with  a  presentation  on  the  use  of  existing 
database  systems  to  store  and  to  access  pyrotechnic  shock  data.  This 
will  be  followed  by  a  presentation  on  determining  the  special  require¬ 
ments  of  accelerometers  used  to  make  pyrotechnic  shock  measurements, 
and  to  measure  other  very  high  amplitude,  very  short  rise  time  transient 
shocks.  Frequency  response,  survivability,  cabling  effects,  and 
mechanical  design  characteristics  of  accelerometers  will  also  be  included 
in  this  presentation.  Several  presentations  will  be  made  on  the  temporary 
change  in  the  zero  level  (zero-shift)  of  the  instrumentation  system.  These 
presentations  also  will  include  methods  for  preventing  the  zero-shift. 

This  will  be  followed  by  a  presentation  on  the  effects  and  the  desirability 
of  high-pass/low  pass  filtering  both  internal  and  external  to  the  accelero¬ 
meter.  These  presentations  will  be  followed  by  a  general  discussion  at  the 
end  of  the  session. 


A  VIBROACOUSTIC  DATABASE  MANAGEMENT  SYSTEM 
AND  ITS  APPLICATION  FOR  A  PYROSHOCK  DATABASE 


W.  Henricks  and  Y.  Albert  Lee 
Lockheed  Missiles  &  Space  Co.,  Inc. 
Sunnyvale,  California 


The  development  of  a  pyroshock  database  management  system  is  proposed. 
A  candidate  data  structure  for  this  system  is  developed  from  that  of  a  simi¬ 
lar  system  previously  configured  for  vibroacoustic  data. 


INTRODUCTION 

Proposed  herein  is  the  development  of  a  pyro¬ 
technic  shock  database  management  system  utilizing 
software  that  was  developed  for  handling  a 
vibroacoustic  database  system.  First  discussed  will  be 
the  advantages  of  having  a  pyrotechnic  shock  data¬ 
base  management  system,  particularly  one  that  is 
complemented  with  prediction  routines  for  supporting 
the  development  of  test  requirements.  A  vibroacoustic 
database  management  system  named  VAPEPS  will 
then  be  described  along  with  a  discussion  of  how  the 
data  structure  of  this  system  can  be  modified  to  allow 
for  the  storage  of  pyrotechnic  shock  data.  Finally,  a 
brief  discussion  will  be  presented  concerning  an 
approach  for  developing  analytical  and  empirical 
pyroshock  predictions. 

DATABASE  MANAGEMENT 

Setting  pyrotechnic  shock  test  requirements  is  an 
uncertain  task.  It  is  usually  done  empirically  with 
each  aerospace  contractor  using  the  data  sets  they 
have  generated,  or  the  data  sets  with  which  they  are 
most  familiar.  Structural  parameters  are  accounted  for 
as  their  previous  experience  indicates  appropriate.  As 
indicated  in  Table  1,  the  existence  of  a  universally 
available  database,  formed  from  data  sets  contributed 
by  the  aerospace  community,  would  provide  contrac¬ 
tors  with  a  broader  data  source  to  use  for  setting  test 
requirements.  It  is  also  a  way  of  distributing  new  data 
throughout  the  community  in  a  timely  manner.  The 
shared  usage  of  prediction  schemes  that  have  been 
incorporated  into  the  database  software,  and  updating 
these  prediction  schemes  when  the  community,  as  a 
whole,  thinks  appropriate  also  provides  the  contrac¬ 
tors  with  the  best  available  prediction  procedures. 


TABLE  1 
Advantages 


•  PROVIDE  PAYLOAD  CONTRACTORS 
WITH  A  MUCH  BROADER  DATABASE 
THAN  PREVIOUSLY  AVAILABLE 

•  TIMELY  DISTRIBUTION  OF  NEW 
DATA  THROUGHOUT  THE  AEROSPACE 
COMMUNITY 

•  PROVIDE  FOR  A  WIDE  DISTRIBUTION 
OF  BEST  AVAILABLE  PREDICTION 
PROCEDURES 


A  vibroacoustic  database  was  developed  to  serve 
as  a  repository  for  vibroacoustic  data  obtained  from 
flight  measurements  and  ground  tests  of  Space  Shuttle 
and  expendable  booster  payloads.  It  also  has  environ¬ 
mental  prediction  software  which  uses  the  data  in  the 
database  (Table  2).  The  name  “VAPEPS”  is  an  acro¬ 
nym  from  the  character  string  shown  in  Table  2.  Its 
software  is  compatible  with  the  computers  shown  in 
Table  3,  and  it  has  been  well  documented  as  a  NASA 
contractor  report.  That  report  contains  users  man¬ 
uals,  a  programmer's  manual,  sample  problem  man¬ 
uals,  and  a  technical  manual.  This  activity  was  spon¬ 
sored  by  both  NASA  and  the  Air  Force.  The  software 
is  nonproprietary,  and  it  is  available  from  the  NASA 
Goddard  Space  Flight  Center. 
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TABLE  2 

General  Background 


TABLE  3 

Software  compatibility 


•  DATABASE  MANAGEMENT  SYSTEM  TO 
SERVE  AS  A  REPOSITORY  FOR 
VIBROACOUSTIC  DATA 

•  VAPEPS  (VibroAcoustic  Payload  Environment 
Prediction  System) 

•  VAPEPS  SOFTWARE  INCLUDES  SOFT¬ 
WARE  THAT  CAN  BE  USED  TO  PREDICT 
THE  ENVIRONMENT  OF  NEW  PAYLOADS 


Briefly,  “VAPEPS”  has  been  configured  to  either 
serve  the  needs  of  a  local  site,  or  data  may  be 
exchange  between  local  sites  as  shown  in  the  upper 
left  an  right  corners  of  Fig.  1 .  The  data  may  also  be 
exchanged  between  one  local  site  and  another  local 
site  with  one  of  the  local  sites  acting  as  a  global  data¬ 
base  administrator  —  this  is  shown  at  the  bottom  of 
Fig.  1.  The  latter  arrangement  is  the  best  way  to  han¬ 
dle  a  pyrotechnic  shock  database,  i.c. ,  having  a  global 
database  administrator  distribute  data  to  other  user 
sites. 


•  VaPEPS  SOFTWARE  IS  COMPATIBLE 
WITH: 

--  SPERRY  (UNI VAC) 

-  DEC  VAX 

-  CDC 

—  CRAY  IS 
—  MASSCOMP  (UNIX) 

•  DOCUMENTATION 

-  NASA-CR-166823 

•  SPONSORSHIP 

—  NASA/GODDARD  SPACE  FLIGHT 
CENTER 

-  UNITED  STATES  AIR  FORCE  SPACE 
DIVISION 


Fig.  1  Local  and  coinnnimtv  sh.u.-d  usir 


OPERATIONAL  MODES 


FLIGHT  AND  GROUND  TEST  DATA 
STRUCTURAL  CHARACTERISES 


PROCESSOR  DESCRIPTION 

ENTER 

-  SEPCTRAL  DATA  ENTRY 

PREP 

-  EVENT  DEFINITION 

ADMIN 

-  ADMINISTRATION 

SERCH 

-  DATABASE  QUERY 

•  DATA 
EVALUATION 

•  ENVIRONMENT 
DEFINITION 


•  ENVIRONMENTS  OF 
NEW  PAYLOADS 


Fig.  2  VAPEPS  software  architecture 


The  "VAPEPS"  system  has  two  basic  operational 
modes,  a  database  management  mode  and  a  data  pro¬ 
cessing  and  prediction  mode.  The  prediction  mode 
allows  the  user  to  make  theoretical  or  empirical  pre¬ 
dictions  using  the  database.  The  data  processing  mode 
accommodates  arithmetical,  stafslical,  logical  and 
various  other  operations  such  as  matrix  manipulations 
of  data  sets  and  power  spectral  density  analyses  of 
amplitude-time  series.  The  database  operating  mode 
has  four  phases,  spectral  data  entry,  event  definition, 
administration,  and  database  search  and  query 
(Fig.  2).  Each  phase  is  controlled  by  processor  as 
named  on  the  right  hand  side  of  Figure  2. 

The  "ENTER"  processor  brings  in  power  spec¬ 
tral  density  or  spectrum  level  data  into  the  database  in 
any  user-defined  format.  The  user  only  has  to  identify 
the  analysis  filter,  units,  etc.,  used  to  process  the  data. 
A  similar  processor  for  pyroshock  data  would  have  to 
accommodate  shock  spectrum  and  amplitude-time  sig¬ 
nals.  The  "PREP"  processor  consists  of  many  sub- 
proccssors  which  arc  used  to  characterize  a  data  set. 

It  provides  for  constructing  configuration  ticcs  to 
describe  a  payload  and  also  provides  for  building 
modules  of  structural  parameters  and  the  associated 
measured  response  data.  It  is  these  modules  that  form 
the  hasp  of  empirical  prediction  schemes.  Additional 
details  concerning  "PREP"  arc  discussed  below.  The 


“ADMIN"  processor.  (Fig.  2)  is  for  the  database 
administrator,  no  one  other  than  the  administrator 
can  entci  data  into  tne  system.  The  administrator’s 
function  is  to  examine  the  data  to  ensure  the  data 
have  been  properly  classified,  and  most  important,  to 
ensure  the  validity  of  the  data  Finally,  the  processor 
“SERCh"  allows  retrieval  of  data  with  attributes  of 
interest  as  selected  by  the  database  user. 

Fig.  3  shows  one  of  the  sttbproccssors  that  make 
"P  ‘PREP."  It  is  the  subprocessor  named  "BOOK.” 
By  calling  it  the  user  is  prompted  to  name  the  agency 
that  processed  the  data,  his  contractor  and  the  cogni¬ 
zant  government  agency,  the  dal  chi  me  of  the  test  or 
flight,  the  type  of  event  (liftoff,  transonic,  staging, 
solar  array  deployment,  ground  test,  etc.),  the  loca¬ 
tion  of  the  event,  and  the  vehicle  from  which  the  data 
was  obtained.  The  location,  if  a  flight,  refers  to  the 
launch  pad,  either  the  Eastern  Test  Range  or  the 
Western  Test  Range.  If  the  csent  was  a  gruund  test, 
then  the  location  refers  ;o  the  site  of  the  ground  test. 

I  he  vehicle  refers  to  whether  the  payload  was  flown 
on  the  Space  Shuttle  or  on  an  expendable  booster.  If 
the  vehicle  was  the  Space  Shut  tic  then  the  Shut  tic  is 
named  as  the  class  of  ihc  vehicle  and  the  specific 
Shuttle  flown  is  the  type  of  vehicle.  The  vehicle  con¬ 
figuration  names  the  payload,  c.g..  Space  Telescope. 
Space  Lab.  and  the  like. 
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Once  these  data  are  entered,  the  processor 
"StiRC'H"  allows  the  user  to  pull  out  data  sets  associ¬ 
ated  with  any  of  the  characteristics  named  in  the 
fields  of  the  arguments  of  the  "BOOK"  subprocessor. 
Several  free  fields  exist  for  including  special  data  of 
user  interest  which  for  a  pyroshock  database  might 
indicate  the  source  of  the  shock,  pin  puller,  separation 
nut.  or  the  like.  Another  subproeexsot  allows  the  user 
to  build  "configuration  trees"  such  as  are  illustrated 
in  h'ig.  4.  The  user  is  allowed  considerable  freedom  in 
the  construction  of  the  'ree.  The  Space  Shuttle  in  t  ig. 
4  for  example;  it  is  broken  down  into  the  main  cabin, 
the  cargo  bay,  SRB.  SS\1t\  the  expendable  tank  (1:1 ). 
and  the  OMS  pod.  The  cargo  bay  is  further  divided 
into  a  DM  pallet  and  an  I  SA  pallet  with  its  payload. 
There  are  100  different  levels  that  can  be  employed 
for  detailing  a  structure. 

The  "data  m-  dulc"  processor  illustrated  schcmal- 
ically  at  the  left  of  big.  5.  pulls  together  the  data 
needed  to  perform  empirical  predictions.  The  use  of 


this  processor  is  demonstrated  for  a  payload  on  a 
KSA  pallet.  The  configuration  tree  for  this  payload 
and  pallet  is  shown  at  the  right  of  Fig.  5.  The  payload 
has  been  numbered,  bach  number  corresponds  to  a 
statistical  energy  element;  statistical  energy  rationale 
forms  the  basis  of  the  prediction  scheme.  Uach  ele¬ 
ment  is  also  labeled.  By  employing  this  processor  the 
user  is  prompted  to  identify  pertinent  structural 
parameters  and  the  measured  response  data  (by  identi¬ 
fying  channel  numbers)  associated  with  each  of  the 
labeled  statistical  energy  elements.  The  "data  mod¬ 
ule"  processor  allows  the  user  to  include  such  generic 
information  as  to  whether  the  structure  is  a  flat 
panel,  a  curved  panel,  or  is  of  honeycomb  construc¬ 
tion.  etc.  l  or  pyrotechnic  shock,  die  users  may  wish 
lo  specify  the  direction  of  the  measurement,  lateral  or 
normal,  the  distance  from  the  source,  and  the  pyro¬ 
technic  shock  device.  Once  this  data  module,  is  con- 
struiied  another  command  “ATTAC  H"  allows  the 
user  to  associate  their  data  with  an  appropriate  mem¬ 
ber  of  the  configuration  tree. 
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the  constant  velocity  and  acceleration  slopes  that 
characterize  pyrotechnic  shock  spectrums.  A  success¬ 


ful  prediction  scheme  would  be  one  that  resulted  in 
conservative  but  reasonable  test  requirements. 
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Fig.  5  Data  module 


DISCUSSION 

Mr.  Baca  (Sandja  Laboratories):  Is  your  database 
system  as  it  is  currently  configured,  stored  on  disks  so 
it  is  always  on  line?  It  seems  as  if  you  have  a  great 
deal  of  data,  do  you  have  the  space  on  the  disk  to 
handle  it? 

Mr.  Henricks:  Yes.  it  is  always  on  line.  The  actual 
database  could  also  be  on  tape,  and  then  we  can  bring 
it  on  line. 


Mr.  Baca:  Mow-  much  disk  space  do  you  presently 
have? 

Mr.  Henricks:  \Ve  presently  have  O'er  20(H)  spectral 
data-sets.  The  spectral  data-set  frequency  range 
extends  from  10  Hz  to  10.000  Hz. 
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Discussion 


Hr.  Baca  (Sandla  Laboratories ) ■  Is  your 
database  system  as  it  is  currently  configured, 
stored  on  disks  so  it  is  always  on  line?  It 
seems  as  if  you  have  a  great  deal  of  data,  do 
you  have  the  space  on  the  disk  to  handle  it? 

Hr.  Henricks:  Yes,  it  is  always  on  line.  The 
actual  database  could  also  be  on  tape,  and  then 
we  can  bring  it  on  line. 

Hr.  Baca:  How  torch  disk  space  do  you  presently 
have? 

Hr.  Henrlcks:  We  presently  have  over  2000 
spectral  data-sets.  The  spectral  data-set 
frequency  range  extends  from  10  Kz  to  10,000  Hz. 
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STATE -OP-THE  ART  ACCELEROMETER  CHARACTERISTICS 
FOR  PYROTECHNIC  SHOCK  MEASUREMENT 


Jon  Wilson 
Consultant 

San  Juan  Capistrano,  CA 


ABSTRACT 

This  paper  presents  a  brief  history, 
a  brief  summary  of  a  user  survey,  and  a 
brief  summary  of  a  manufacturer's  survey 
that  was  conducted  to  find  the  state-of- 
the-art  for  pyrotechnic  shock  measure¬ 
ments.  It  provides  a  chart  summarizing 
the  characteristics  of  several  different 
manufacturer ' s  accelerometers . 

INTRODUCTION 

Last  night  Dan  Powers  said  he  has 
been  coming  to  these  meetings  for  20 
years.  He  has  heard  the  same  complaints, 
the  same  problems,  the  same  discussions, 
and  the  same  responses  from  the  accelero¬ 
meter  manufacturers.  For  10  of  those 
years  I  was  providing  some  of  those 
manufacturers'  responses,  so  I  am  quite 
familiar  with  the  stories.  The  basic 
problems  have  been  survivability,  zero- 
shift,  and  low  frequency  noise. 

USER  SURVEY 

I  conducted  a  survey  of  users.  I 
contacted  eight  users  of  accelerometers 
who  are  currently  making  pyrotechnic 
shock  measurements,  either  in-flight,  or 
in  the  laboratory?  so  this  covers  both 
applications.  I  asked  the  users  what 
their  current  problems  were.  The 
problems  shown  above  the  line  in  Figure 
1  were  given  to  me  by  the  users;  they 
are  survival,  zero-shift,  low  frequency 
noise  and  saturation.  Until  the  last 
few  years  very  little  had  been  done 
about  these  problems.  There  was  very 
little  development  on  the  part  of  the 
accelerometer  manufacturers  because  of 
the  perceived  high  investment  and  proba¬ 
ble  low  return  on  a  limited  market.  But, 
the  atate-of -the-ar t  has  begun  to  change 
over  the  last  few  years.  For  example, 
on  the  problem  of  the  survival  of  accel¬ 
erometers,  Scott  Walton  gave  a  paper 
yesterday  on  how  he  solved  his  instru¬ 
ment  survival  problems.  Some  of  his 
techniques  might  be  applicable  to  pyro¬ 
technic  shock  measurements. 


On  the  problem  of  zero-shift, 

Anthony  Chu  gave  an  excellent  paper  yes¬ 
terday  on  zero-shift,  and  three  presen¬ 
tations  in  this  session  will  address 
that  problem.  Anthony  Chu  mentioned  the 
low  frequency  noise  and  saturation  pro¬ 
blem  in  the  context  of  the  zero-shift 
problem,  but  I  think  they  contribute  to 
other  problems  as  well. 

The  four  problems  listed  at  the 
bottom  of  Figure  1  are  not  necessarily 
perceived  by  the  user  as  being  a  problem; 
they  may  be  a  worse  problem,  or  they  may 
cause  some  of  the  problems,  shown  above 
the  line  in  Figure  1,  that  the  users  are 
aware  of.  Fred  Shelby,  from  the  Sandia 
Laboratories,  gave  a  paper  on  using 
internal  filters  to  suppress  resonances 
at  the  1983  Transducer  Workshop.  Anthony 
Chu  mentioned  this  in  his  paper  yesterday, 
and  Endevco  is  doing  this  to  suppress  the 
resonances  to  get  rid  of  the  resonance 
problems.  Calibration  has  always  been 
one  of  my  pet  concerns.  How  are  pyro¬ 
technic  shock  accelerometers  calibrated? 
How  meaningful  are  those  calibrations? 
Cable  and  connector  problems  are  being 
solved  by  eliminating  the  connectors, 
going  to  low  impedance,  and  work  on  cable 
and  connection  schemes.  Base  strain  is 
a  problem  which  will  be  discussed  later, 
and  Anthony  Chu  mentioned  that  as  a 
contributor  to  the  zero-shift  problem. 

Figure  2  is  a  typical  pyrotechnic 
shock  time-history  trace;  notice  the  high 
amplitude  negative  peaks  as  well  as  the 
very  high  positive  peaks.  I  will  mention 
later  why  they  may  be  important  in  the 
problems  we  are  having. 

The  importance  of  an  accelerometer's 
frequency  resjioneo  and  resonance  are 
often  overlooked.  The  top  plot  in  Figure 
3  shows  a  test  shock  response  spectrum 
specification  and  the  actual  shock 
response  spectrum  that  were  generated 
durino  that  test.  The  dashed  lines  are 
the  possibilities  of  what  might  be  hap- 


pening  above  10  kHZ ,  where  the  test  spec¬ 
ification  ends.  The  test  shock  spectrum 
ends,  but  the  energy  does  not  end.  The 
lower  plot  in  Figure  3  is  a  possible 
frequency  response  curve  of  an  accelero¬ 
meter.  Notice,  at  the  resonant  peak  the 
response  peaks  at  45  dB  above  the  flat 
portion  of  the  curve.  What  does  that  do 
to  the  response  spectrum  if  significant 
energy  is  present  at  those  high  frequen¬ 
cies?  I  believe  significant  energy  is 
present  at  those  high  frequencies.  You 
need  a  high  resonance  frequency  accelero¬ 
meter  to  get  away  from,  or  to  reduce,  the 
effects  of  the  accelerometer  resonance; 
or,  as  in  the  case  of  some  recent  devel¬ 
opments,  you  need  some  way  to  suppress 
that  resonance  so  it  doesn't  get  into 
the  signal. 

VENDOR  SURVEY 

Table  1  shows  the  character ist ics 
of  some  accelerometers  presently  on  the 
market;  the  information  was  furnished  by 
the  manufacturers.  All  of  the  accelero¬ 
meters  were  rated  for  100,000  g's  full 
scale.  I  asked  each  manufacturer  what 
is  the  zero-shift  of  your  accelerometer? 
How  much  zero-shift  would  I  most  likely 
see  in  a  pyrotechnic  shock  event?  Notice 
the  first  two  manufacturers  didn't  know 
the  answer  to  that  question.  The  next 
two  manufacturers'  data  sheets  showed 
"no  zero-shift."  The  data  sheet  for 
Brand  E  showed  "imperceptible"  zero-shift. 
Brand  F  showed  less  than  0.1't  zero-shift 
on  their  data  sheet,  and  both  Brands  G 
and  H  showed  “negligible"  zero-shift  on 
their  data  sheets.  The  initials  (S.T.) 
for  the  Brand  G  accelerometer  mean  it 
was  sample  tested;  “eval"  Cor  the  Brand 
H  accelerometer  means  it  has  been  evalu¬ 
ated  oy  their  customers. 

For  survival:  Brand  A  said,  “we 
test  our  accelerometers  for  survival," 
while  Brand  U  said,  "we  don't  get  very 
many  of  them  back."  Brands  C  and  U 
analyzed  their  designs  to  ensure  they 
would  survive,  and  they  also  did  some 
sample  testing.  In  the  case  of  Brand  !) 
their  accelerometer  was  also  evaluated 
to  high  acceleration  levels  by  a  custo¬ 
mer,  and  it  was  shown  to  survive.  Brands 
F  and  G  were  tested  for  survivability 
while  the  survivability  of  Brands  V-  and 
It  wait  unknown. 

As  to  the  calibration  method,  this 

was  one  of  my  concerns  when  I  was  trying 
to  sell  arcrlcroRetets  for  shock.  Sort 
accelerometers  were  calibrated  by  i  r.  •; 

vefy  low  level  vibration,  and  Brands  A 
and  B  were  indeed  calibrated  by  using 
vibration.  The  rest  of  the  aceelero-e- 
ters  were  calibrated  by  shock .  The  nest 
line,  calibration  l-. el,  shows  Brands  C, 

0,  and  E  are  calibrated  by  low  level 


shocks,  and  the  levels  were  not  given. 
Brand  F's  accelerometers  are  calibrated 
at  10,000  g's,  and  Brand  H's  accelero¬ 
meters  are  calibrated  at  5000  g's. 

The  frequency  response  character¬ 
istics  of  most  accelerometer  brands  were 
not  specified.  The  resonance  frequencies 
varied.  The  resonance  frequency  of  Brand 
A  was  specified  at  180  kHz.  The  resonance 
frequency  of  Brand  D  was  suppressed  with 
an  integral  electronics  design  internal 
filter.  The  resonance  frequency  cf 
Brand  F  is  300,000  Hz,  and  its  resonance 
is  also  suppressed.  Brand  G's  resonance 
frequency  is  greater  than  250,000  Hz. 

The  maximum  tolerable  transverse 
motion  refers  to  the  manufacturers' 
specification  of  the  maximum  transverse 
motions  their  accelerometers  can  survive. 
It  does  not  refer  to  the  transverse 
sensitivity.  We  are  told  the  transverse 
motion  is  approximately  equal  to  the 
motion  in  the  sensitive  direction  in 
pyrotechnic  shock  tests.  The  motion  is 
supposedly  the  same  in  all  directions  in 
pyrotechnic  shock.  After  looking  at  this 
data  I  decided  perhaps  this  is  why  some 
“100,000  g"  accelerometers  break  at  much 
lower  levels  during  pyrotechnic  shock 
tests.  Some  accelerometers  have  no 
spec i f icat ion  for  the  maximum  allowable 
transverse  motion.  Some  accelerometers 
have  a  20,000  g  or  a  30,000  g  specifica¬ 
tion  for  the  maximum  allowable  transverse 
motion.  The  maximum  allowable  transverse 
motion  for  Brand  F  is  100,000  g’s  or 
greater.  Likewise  the  maximum  negative 
shock  loading  leaves  something  to  he 
desired  in  most  cases. 

Last,  but  not  least,  is  the  problem 
of  base  strain.  We  know  f i os  technical 
papers,  and  Dan  Bowers  showed  us  an 
illustration  in  this  morning’s  session, 
of  the  kind  of  motion  at  the  mounting 
surface  of  a  test  plate.  We  know  an 
accelerometer's  mounting  sut  t  .,ce  under¬ 
goes  a  great  deal  of  stress  and  strain, 
and  yet  some  of  the  accelerometers  shown 
ir.  Table  I  have  fairly  high  base  strain 
specifications.  Borne  of  the  other  accel¬ 
erometers  have  base  stialn  -ipeci  f  i  <.  t  ;  ons 
that  are  difficult  tor  me  to  believe, 
because  i  know  how  they  ate  designed. 

Goh-ClX'.SfOh 

To  conclude,  I  think  the  st.-*e-of- 

t  he  -  art  of  acce  ;  er  csieter  char  acter  tst  ics 
is  not  yet  where  jt  should  l-e ,  ;:.t  jt 
seems  to  have  improved  over  the  last 
few  years.  The  manufacturers  are  start¬ 
ing  to  respond  to  the  users'  needs,  and 
I  hope  these  o-ffpar l sons  will  helj  both 
users  and  manuf actufers  tfi  see  where 
improvements  are  needed.  1  also  hope 
they  will  stimulate  a  discussion  of 
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requirements,  that  is,  are  some  of  these 
characteristics  really  required?  I  think 
Dan  Powers  had  some  questions  whether  the 
frequency  response  and  the  resonance 
frequency  characteristics  of  accelero¬ 
meters  have  :o  be  exotic.  I  hope  this 
will  also  encourage  the  manufacturers 
to  improve  their  specifications  and  the 
information  for  their  customers, 
because  my  calls  to  the  manufacturers 
were  similar  to  a  user's  preliminary 
inquiry  to  a  manufacturer,  and  in  many 
cases,  1  did  not  feel  I  got  many  good 
answers.  I  believe,  in  some  cases,  even 
though  this  represents  the  information  I 
got,  it  may  not  represent  the  manufac¬ 
turers'  best  performance.  I  hope  the 
manufacturers  who  are  present  can  point 
out  areas  where  this  relatively  poor 
performance  is  really  not  that  bad. 


SURVIVAL 

ZERO-SHIFT 

LOW  FREQUENCY  NOISE 

SATURATION 


RESONANCES 
CALIBRATION 
CABLE/CONNECTOR 
3ASE  STRAIN 


DISCUSSION  Figure  1  -  User  Problems 

Hr.  Rubin  (The  Aerospace  Corporation) 

Were  all  of  the  accelerometers  piezo- 
electric? 

Mr.  Wilson:  No,  they  were  not. 

Some  accelerometers  were  piezo-electric 
and  other  accelerometers  were  piezo- 
resistive.  Some  accelerometers  had 
internal  electronics  while  others  were 
high  output  impedance  charge  type 
devices . 


Hr.  Haier  (Endcvcc) :  Of  the  speci- 
fications  you  showed,  are  there  others 
that  should  be  included?  Also,  has  any 
thought  been  given  to  an  acceptable  limit 
to  zero-shift? 


Hr.  Wilson:  I  think  you  should  ask 
the  users  Tf  any  other  specifications 
should  be  included.  As  far  as  acceptable 
zero-shift  is  concerned,  I  prefer  to 
leave  that  to  the  other  three  speakers. 


>ecification  N.S.  *  Not  Specified  Sources:  Manufacturi 
L»ple  Tests  ?  ■=  No  Information  Data  Sheets,  Telephoi 
istomer  Evaluations  IMP  »  Imperceptible  Inquiries,  Published 
igligible  SUPP.  »  Suppressed  Technical  Papers 


Discussion 


Mr.  Rubin  (The  Aerospace  Corporation):  Were  all 
of  the  accelerometers  piezo-electric? 

Hr.  Wilson:  No,  they  vere  not.  Some 
accelerometers  uer«  piezo-electric  and  other 
accelerometers  were  piezo-resistive.  Some 
accelerometers  had  internal  electronics  while 
others  were  high  output  iqpedance  charge  type 
devices. 

Hr.  Meyer  (Endevco):  Of  the  specifications  your 
showed  are  there  others  that  should  he 
included?  Also,  has  any  thought  been  given  to 
an  acceptable  limit  to  zero-shift? 

Hr.  Wilson:  I  think  you  should  ask  the  users  if 
any  other  specifications  should  be  included.  As 
far  as  zero-shift  is  concerned  I  prefer  to  leave 
that  to  the  three  speakers. 


ZERO-SHIFTED  ACCELEROMETER  OUTPUTS 


Arnold  Galef 
TRW 

Redondo  Beach,  California 

In  this  presentation  it  is  claimed  that  the  commonly  appearing  zero-shift  ' 
in  Pyro  Shock  data  is  usually  a  symptom  of  a  malfunctioning  measurement  I 
system,  so  that  the  data  can  not  be  "repaired"  (by  high-pass  filtering  j 
or  equivalent)  unless  tests  can  be  devised  that  permit  the  demonstration 
that  the  system  is  operating  in  a  linear  mode  in  all  respects  other  than  | 
the  shift.  The  likely  cause  of  the  zero-shift  and  its  prevention  are  dis¬ 
cussed. 


The  first  two  figures  are  presented  in  order  to 
make  clear  the  phenomenon  we  are  discussing. 
These  are  accelerometer  traces  recorded  during 
a  pyrotechnic  separation  of  a  missile  from  its 
mount  as  a 'part  of  the  launch  sequence. 

The  first  figure  is  a  very  typical  zero-shift, 
of  the  type  to  be  discussed  today.  (The  "double 
shock"  present  on  the  trace  is  not  an  aspect  of 
the  problem  nor  is  it  a  symptom  of  any  other 
instrumentation  malfunction.  This  was  measured 
during  a  redundant  separation.  A  joint  was 
blown  with  a  shaped  charge  and  another  was  blown 
a  few  milliseconds  later  to  ensure  that  we 
don't  stay  in  the  hole.  Two  separate-events 
have  occurred).  The  accelerometer  used  for  this 
measurement  was  piezoelectric  with  integral 
charge  amplifier,  and  was  ranged  more  than  20db 
higher  than  the  highest  apparent  acceleration 
seen  on  the  trace.  This  ranging  may  make  it 
appear  difficult  to  attribute  the  zero-shift 
to  amplifier  overload,  as  I  will.  In  fact,  I 
believe  that  the  most  likely  cause  of  the  shift 
is  a  saturation  caused  by  the  very  intense  but 
exceedingly  short  duration  "Pre-Pulse"  which  is 
discussed  in  greater  detail  in  the  paper*  ap¬ 
pearing  elsewhere  in  these  proceedings. 

Before  subjecting  the  first  figure  to  further 
discussiofi  it  will  be  useful  to  examine  Fig.  2. 
This  trace  is  from  an  accelerometer  nearby  that 
of  Fig.  1,  but  ranged  much  lower.  It  was  in¬ 
tended  that  this  instrument  measure  the  vibration 
that  was  expected  to  occur  imiediately  after 
the  shock.  The  shock  of  thousands  of  g  peak- 
magnitude  caused  the  expected  saturation  of  an 
instrument  ranged  at  250g.  This  completely 

*  Galef,  A.E.  "The  Pre-Pulse  in  Pyro-Shock 
Measurement  and  Analysis". 

Proceedings,  56th  Shock  and  Vibration 
Sympos i urn 


expected  instrumentation  system  malfunction  is 
not  the  sort  of  thing  that  works  its  way  Into 
data/bases,  because  everyone  recognizes  that 
the  type  of  time  history  present  during  the 
first  .5  seconds  of  Fig.  2  is  pure  junk,  and 
we  had  better  not  treat  this  as  a  shock  and 
subject  it  to  detailed  spectral  analysis. 
Counterparts  of  Fig.  1,  however,  quite  frequent¬ 
ly  find  their  way  into  data  bases.  But  I  am 
convinced  that  the  phenomena  of  Fig.  1,  2  are 
essentially  the  same  with  the  difference  being 
one  of  degree  and  not  of  kind.  This  hypothesizes 
that,  in  Fig.  1,  the  amplifier  is  operating  in 
a  quasi -saturated  mode.  The  next  speaker  will 
present  six  or  seven  possible  causes  of  Fig.  1 
type  behavior,  including  amplifier  saturation; 

I  feel  that  the  amplifier  is  the  most  frequent 
culprit. 

But,  upon  examining  all  of  these  possible  causes 
of  zero-shift,  it  appears  that  it  is  not  neces¬ 
sary  at  this  time  to  Identify  the  explicit 
cause  in  any  particular  case  of  judging  the 
validity  of  shock  data.  All  the  postulated 
causes  imply  that  the  zero-shift  is  an  Indica¬ 
tion  that  the  system  is  not  operating  linearly 
so  that  the  data  should  be  discarded! 

The  above  adamant  position  is  not  universally 
accepted,  although  there  is  probably  universal 
agreement  that  the  principal  spectral  symptom 
of  zero-shift,  a  nearly  horizontal  shock 
spectrum  at  implausibly  high  levels  at  low  to 
medium  frequencies.  Is  nonsense  and  should  be 
ignored.  However,  it  is  believed  by  many  that- 

•  The  spectral  levels  at  frequencies  well  re¬ 
moved  from  the  region  of  the  near-horizontal 
spectrum  are  nearly  correct,  so  the  high 
level,  high  frequency  portions  of  the 
spectra  are  valid  without  further  proces¬ 
sing. 


•  The  zero-shifted  data  may  be  corrected  by 
removing  the  bias  (using  a  high-pass 
filter  or  curve-fitting  technique)  and 
the  subsequent  shock  analysis  is  valid, 
so  that  if  the  time  history  has  been  re¬ 
tained  the  entire  correct  shock  spectrum 
can  be  generated. 

Both  of  these  optimistic  viewpoints  may  be 
valid  in  some  cases.  However,  I  hold  that  in 
order  to  justify  their  application  in  the 
presence  of  a  significant  zero-shift  it  would 
be  necessary  to  show  that,  for  the  specific 
accelerometer  and  amplifier  used  to  take  the 
data,  the  ze'-o-shift  represents  the  entire  mal¬ 
function  and  is  not  merely  a  symptom  of  some 
other  malfunction  (specifically,  measurement 
system  behaving  significantly  non-1 inearly) . 

Since  there  have  been  no  causes  of  zero-shift 
in  a  piezoelectric  measurement  system  yet  pro¬ 
posed  which  do  not  imply  a  high  probability 
that  the  shift  is  merely  the  most  apparent 
symptom  of  a  malfunctioning  measurement  system, 
it  appears  only  reasonable  to  insist  that  the 
burden  of  proof  remain  in  the  lap  of  the  op¬ 
timist  who  would  like  to  salvage  some  or  all 
of  the  data.  And,  it  should  be  clear  that  a 
successful  demonstration  of  the  validity  of 
"corrected"  data  for  a  particular  case  should 
not  be  generalized  to  cases  other  than  that 
for  which  the  ad  hoc  linearity  investigation 
was  performed  since  any  individual  case  un¬ 
doubtedly  has  its  individual  peculiarities. 

An  obvious  corollary  to  the  proposition  that 
zero-shifted  data  may  not  be  repaired  in  a 
post-processing  procedure  unless  the  cause  of 
the  shift  is  well  understood,  is  that  data 
must  not  be  taken  in  a  manner  that  would  hide 
the  zero-shift  if  it  had  had  the  tendency  to 
appear.  But  I  know  of  test  laboratories  of 
two  highly  respected  companies  where  a  high- 
pass  filter  is  routinely  used  in  the  data  ac¬ 
quisition  system  for  the  specific  purpose  of 
avoiding  (more  properly,  concealing!)  a  zero 
shift.  A  major  accelerometer  manufacturer  has 
recently  introduced  a  line  of  transducers  with 
integral  charge  amplifiers  that  incorporate 
high-pass  filters  for  the  same  purpose.  If 
these  people  are  doing  something  that  is  tech¬ 
nically  inappropriate,  as  I  believe  they  are, 
they  are  certainly  doing  it  in  all  Innocence 
and  in  the  belief  that  after  the  symptom  is 
hidden  the  pacient  is  well.  And,  of  course, 
they  may  be  right.  But  I  repeat  that  the 
burden  of  proof  is  theirs. 

We  will  now  leave  an  annoyingly  high  fraction 
of  the  data  presently  contained  in  major  doc¬ 
uments  such  as  NASA  CR  116437  in  limbo,  and 
address  the  problems  of  avoiding  questionable 
■or  wrong  data  In  the  future.  We  will  largely 
have  to  lead  each  other  on  this,  for  the  In¬ 
strument  manufacturers  are  generally  much  less 
helpful  on  this  than  we  might  have  hoped.  I 
call  attention  to  the  Paper  by  Jon  Wilson, 
presented  at  this  session,  where  Wilson  reports 
on  asking  eight  major  accelerometer  manufac¬ 


turers  regarding  their  zero  shift  character¬ 
istics,  and  found  that  two  of  them  were  unable 
to  say  anything  and  the  others,  while  claiming 
superb  performance  ("none",  "negligible"  or 
.1%)  were  unable  to  provide  test  data  to  sup¬ 
port  their  claims.  In  the  manufacturer's  de¬ 
fense  it  must  be  conceded  that  performing 
quantitative  tests  is  certainly  difficult,  with 
the  difficulties  exacerbated  by  the  frequent 
presence  of  the  essentially  unmeasureable  "Pre 
Pulse".  Their  task  is  complicated  still  further 
by  the  likelihood  that  in  some  cases,  the  rate 
of  change  of  acceleration  is  as  Important  or 
more  so  than  the  magnitude,  so  that  informatio. 
attained  by  applying  a  half-sine  pulse  would 
be  misleading  for  an  equal  peak  magnitude 
versed  sine  and  grossly  in  error  for  a  sawtooth. 
But  these  comments  clearly  suggest  that  a 
promising  approach  requires  sacrifice  of  the 
ability  to  measure  all  frequency  components  of 
the  shock,  and  this  approach  has  been  recog¬ 
nized  for  some  time  by  the  manufacturers  who 
make  either  mechanical  orelectronic  low-pass 
filters  available.  & 

I  have  had  good  (but  limited)  experience  with 
commercially  available  mechanical  filters.  I 
can't  recommend  them  unequivocally,  however, 
both  because  they  are  not  being  made  for  all 
designs  of  accelerometers*  (they  are  not  usable 
even  with  some  of  the  accelerometers  made  by 
the  manufacturers  of  the  filters!)  and  because 
it  Is  clear  that  there  must  be  a  level  of  ac¬ 
celeration  above  which  the  filter  Is  signif¬ 
icantly  non-linear  but  the  manufacturer  has 
not  been  able  to  commit  himself  (at  least  to 
me)  where  that  level  begins. 

The  very  good  dynamic  range  of  most  piezoelec¬ 
tric  materials  makes  feasible  an  electronic 
filter  that  will  minimize  the  very  high  fre¬ 
quency  components  of  charge  generated  In  the 
absence  of  a  mechanical  filter  without  signif¬ 
icantly  affecting  the  low  and  middle  frequen¬ 
cies  of  greatest  concern.  I  have  again  had 
good  but  limited  experience  using  the  filters 
of  one  manufacturer,  but  have  learned  to  an¬ 
ticipate  resistance  to  their  use  by  many  test 
engineers,  who  don't  like  the  sensitivity  to 
cable  length  of  the  frequency  response  of  the 
resultant  system  with  filter  between  the  trans¬ 
ducer  and  charge  converter  stage.  It  will 
seem  to  many  that  this  Is  a  regression  to  the 
days  prior  to  development  of  the  charge  am¬ 
plifier,  when  cable  length  was  a  major  factor 
in  system  sensitivity,  but  If  that  Is  a  price 
that  must  be  paid  to  achieve  valid  data  then 
people  should  prepare  themselves  to  pay  It! 


*  I  would  like  to  caution  people  against 
trying  to  make  a  home-made  filter,  either 
to  deal  with  the  unavailability  of  production 
devices  or  to  save  money.  A  filter  of  this 
type  is  in  principle  very  simple  but  In 
fact  is  hard  to  make  successfully. 


A  very  rational  response  to  the  cable  length 
problem  Is  the  elimination  of  cable  by  In¬ 
corporating  the  amplifier  with  filter  In  the 
accelerometer.  Several  manufacturers  are  now 
supplying  such  Instruments,  and  although  I 
have  not  yet  had  experience  with  them  I  am  op¬ 
timistic.  (However,  as  previously  noted,  I  am 
concerned  about  one  manufacturers  Inclusion  of 
a  high-pass  filter  as  well  as  the  desirable 
low-pass  filter.)  For  extreme  environments  an 
accelerometer  of  this  type  mounted  upon  a 
mechanical  isolator  may  be  optimum. 

I  will  caution  all  against  trying  to  solve  the 
zero-shift  problem  by  the  brute-force  approach 
of  increasing  the  ranging  sufficiently  to  avoid 
saturation.  First,  users  should  be  reminded 
that  this  can't  possibly  help  If  the  attempted 
range  change  Involves  using  the  same  trans¬ 
ducer  and  charge  amplifier  with  a  higher  range 
setting  on  the  control,  since  the  range  ad¬ 
justment  affects  the  output  amplification 
whereas  the  potential  saturation  occurs  In  the 
charge  converter,  or  Input  stage.  When  this 
error  Is  avoided,  however,  the  problem  of 
finite  dynamic  range  remains  and  a  range 
sufficient  to  avoid  saturation  will  often 
prohibit  data  at  frequencies  below  500  Hz, 
approximately,  that  Is  usefully  above  the 
noise  level. 

In  closing,  and  as  a  reminder  that  we  may  never 
be  sure  In  all  cases  of  what  causes  the  zero- 
shift  and  of  how  to  prevent  it,  I  offer  Fig.  3, 
from  the  same  test  that  provided  the  previous 
figures.  Note  that  the  accelerogram  provides 
no  obvious  indication  of  malfunction  until 
well  after  the  shocks  have  been  sensed!  When 
we  understand  this  we  may  understand  other 
phenomena  as  well.  I  solicit  your  comments. 
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QUESTIONABLE  EFFECTS  OF  SHOCK  DATA  FILTERING 


Paul  R.  Strauss 

Rocketdyne  Division  of  Rockwell  International 
Canoga  Park,  California 


Measurements  of  Pryotechnic  Shock  events  are  unpredictable 
and  often  unexplainable.  Filtering  of  accelerometer  signals 
is  used  and  misused  in  processing  the  data.  This  paper  is 
an  attempt  to  show  the  effect  of  some  filtering  processes. 

A  sample  case  of  an  electrically  simulated  measurement  is 
presented  to  exemplify  the  effect  of  filtering  on  the  Shock 
Response  Spectrum,  the  final  data  product. 


Pyrotechnic  Shock  is  a  complex  environment. 
Inadequate  devices  for  measurement  of  this 
environment  add  to  the  complexity.  Because  of 
problems  with  the  measurement  system,  mani¬ 
pulation  of  raw  and  processed  data  is  often 
performed.  The  term  "manip-jlatlc--  i--  this 
case  refers  to  various  type:,  of  '11 -'  ••mg 
that  are  used  to  make  the  data  fit  our  needs. 

Is  filtering  necessary?  Does  filtering 
cause  distortion?  It  appears  that  the 
answers  to  both  questions  are  "yes."  All 
shock  data  is  filtered  whether  filtering  is 
desired  or  not.  Filtering  Is  an  inherent 
product  of  recording,  digitizing  and  ampli¬ 
fication  systems.  Filtering  does  distort 
the  data;  often  far  beyond  the  known,  or 
assumed,  transfer  function  of  that  filter. 
Filtering  is  said  to  be  necessary  because  of 
the  zero-shift  apparent  in  most  Pyro  shock 
measurements.  It  appears  necessary  to  do 
something  to  the  data  to  determine  what  portion 
of  the  data  is  real  and  what  portion  is  not. 
But,  filtering  does  not  show  us  what  is  real, 
it  only  changes  the  data  to  something  that 
looks  real  or  useful . 

The  manipulations  performed  on  shock  data 
sometimes  go  beyond  necessity;  it  is  usually 
an  attempt  to  make  the  data  fit  our  require¬ 
ments.  We  are  using  low-pass  and  high-pass 
filters.  In  our  digital  recording  systems, 
we  use  anti-aliasing  filters.  Our  tape 
recorder  is  effectively  a  low-pass  filter.  All 
of  our  instrumentation  is  limited;  it  is 
filtering  the  data;  and  It  is  biasing  the  data. 
Our  accelerometer's  response  also  has  a 
filtering  effect  on  the  data. 


The  questions  are:  What  portion  of  the 
data  is  real;  what  portion  is  distorted;  how  we 
distinguish  between  the  two;  and  whether  or  not 
we  can  retrieve  usefu1  Information  from  it.  My 
main  concern  is  that  the  data  can  be  mani¬ 
pulated  into  whatever  shape  the  customer  has 
requested  in  the  shock  spectrum. 

As  an  example,  I  would  like  to  expound  on 
the  distortion  caused  by  use  of  a  high-pass 
filter.  This  is  often  used  to  "eliminate"  the 
zero-shift  from  time-history  data. 

Figure  1  is  a  typical  shock  time  history, 
typical  of  the  type  of  data  that  I  receive.  A 
definite  zero-shift  is  apparent  immediately 
after  the  initial  high  amplitude  pulse.  The 
corresponding  shock  response  spectrum  shows  a 
flattening  of  the  low  frequency  area.  On  this 
particular  set  or  data,  a  vertical  line  was 
cleverly  drawn,  explaining  that  everything  to 
the  left  of  the  line  is  noise,  and  everything 
to  the  right  is  data.  The  diagonal  line  shows 
the  spectrum  we  were  trying  to  meet  in  this 
particular  case.  We  have  basically  said  that 
everything  above  that  diagonal  line  and,  there¬ 
fore,  not  in  "spec,"  will  be  noise.  Everything 
that  is  in  "spec"  will  be  data. 

This  is  not  necessarily  being  used  to  our 
advantage.  To  get  away  from  just  blindly  saying 
"This  is  good,  and  that  is  not  good,"  we  have 
come  up  with  a  filter.  We  insert  a  high-pass 
filter  at  20  Hz,  and  the  data  looks  better 
(Figure  2).  The  shock  response  spectra  shows  a 
hump  in  the  curve  that  wasn't  there  before.  It 
appears  to  be  indicative  of  a  resonance  but  is 
really  a  response  of  the  filter. 
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Figure  3  shows  the  same  data  with  a  200  Hz 
high-pass  filter.  According  to  the  input 
requirement,  we  are  right  where  we  are  supposed 
to  be.  Therefore,  the  decision  is  made  that 
200  Hz  is  the  proper  filter  to  use.  We  are  in 
"spec,"  and  everyone  is  happy. 

We  decided  to  play  directly  with  the 
electronics  since,  mechanically,  we  knew  that 
some  of  the  data  cannot  be  real,  but  we  didn't 
know  exactly  what  to  do  with  it.  Most  of  these 
conditions  were  easily  simulated  in  the 
electronics  lab.  A  time  history  of  a  damped 
sine  transient  which  closely  simulates  some 
of  the  real  pulses  was  set  up  electrically.  A 
reasonable  shock  response  spectrum  is  easily 
produced  from  it.  Figure  4  is  a  2,500  Hz 
pure  damped  sine  wave  with  the  corresponding 
SRS. 

Figure  5  shows  what  we  felt  was  a  true 
zero-shift.  Starting  at  zero,  a  steep  slope  is 
Induced  followed  by  a  25  millisecond  decay, 
returning  to  zero.  Below  it  is  shown  the 
shock  response  spectrum  of  that  pulse.  We 
have  added  them  together  in  Figure  6,  which 
appears  to  be  a  very  good  representation  of  a 
raw  pyro  shock  measurement.  The  time  history 
exhibits  motion  away  from  zero,  followed  by 
high-frequency  ringing  and  the  decay  to  zero. 
The  corresponding  shock  response  spectrum  shows 
a  very  flat  low-frequency  region. 

Figure  7  shows  the  same  pulse,  but  with 
the  addition  of  a  200  Hz  high-pass  filter. 

This  procedure  simply  shifted  part  of  the  time 
history  such  that  the  signal  is  now  centered 
around  zero.  Apparently  we  have,  inadver¬ 
tently,  added  a  sinusoid,  which  is  one  of  the 
effects  of  the  filtering.  Just  by  putting  in 
a  200  Hz  high-pass  filter,  we  get  a  sinusoid 
that  was  not  there  before.  This  causes  the 
added  "hump"  in  the  shock  response  spectrum. 
Figure  8  shows  this  same  time  history  but  with 
the  removal  of  the  signal  prior  to  the  initial 
pulse.  The  shock  response  spectrum  looks 
slightly  better  in  the  200  Hz  area. 

Does  filtering  work?  Like  any  good 
medicine,  we  must  examine  the  side  effects.  We 
saw  that  by  adding  zero-shift  to  damped 
sine  transient  signal,  we  can  simulate  a  signal 
which  looks  like  typical  test  data.  What 
happens  when  we  subtract  a  zero-shift  from 
our  data?  In  Figure  9,  Curve  C  is  the  SRS 
of  our  simulated  distorted  shock  signal  from 
Figure  6;  B  is  the  SRS  of  the  zero-shift 
from  Figure  5.  Subtracting  B  from  C  does  no£ 
yield  A,  the  pure  damped  sine  of  Figure  4. 

No  combination  of  digital  or  analog  filtering 
will  free  a  shifted  signal  from  the  distortion. 
The  data  is  distorted  when  it  exhibits  a 
zero-shift.  The  effect  may  be  only  in  the 
first  100  Hz,  it  may  be  in  the  first  200  Hz. 

It  depends  on  the  system.  It  depends  on  the 
accelerometer,  on  the  range,  on  the  proximity 
to  the  charge,  and  it  depends  on  the  instru¬ 
mentation.  Filtering  by  Itself,  the  way  we 


are  using  it  today  in  most  of  our  test 
labs,  is  not  giving  us  a  clean  signal  and  a 
clean  idea  of  what  is  really  happening 
mechanically. 

Again,  I  mentioned  I  am  not  presenting 
answers.  I  am  presenting  further  questions 
along  the  same  line.  We  don't  have  a 
direct  answer  to  the  question  as  far  as  how 
much  of  the  data  is  good.  If  an  SRS  exhibits 
high  levels  at  low  frequencies,  that  in 
itself  doesn't  necessarily  mean  the  data  is 
distorted.  I  have  performed  one  test  where 
the  shock  simulator  had  a  resonance  at  a  low 
frequency.  It  fooled  us.  We  broke  hardware 
because  we  assumed  the  data  were  not  real. 

There  was  a  resonance  in  the  low  frequency  of 
the  input  device  that  was  causing  a  low  fre¬ 
quency  increase  in  the  SRS  surve.  So  you  must 
be  very  careful,  fou  must  examine  the  data 
carefully,  both  filtered  and  unfiltered. 
Hopefully,  there  will  be  greater  understanding 
and  a  solution  to  this  with  new  type  accelero¬ 
meters  or  new  instrumentation  in  the  near 
future. 

DISCUSSION 

Mr.  Kalbfleisch  (TRW):  Before  you  can 
entertain  processing  the  data  with  filtering, 
you  have  to  make  an  assumption  that  the  sensi¬ 
tivities  and  the  calibration  remain  consistent. 
If  it  is  a  piezo-electric  accelerometer, 
during  the  zero  shift  your  pico-coulomb 
per  g  calibration  factor  remains  constant,  or 
the  amplifier  calibrations  continue  to  remain 
constant.  What  data  do  you  have  to  support 
that  you  can  continue  to  use  the  data,  and 
attempt  to  process  it  to  remove  the  zero  shift? 
Or,  do  we  subscribe  to  Arnold  Galef's  theory 
that  says  it  is  a  nonlinear  situation?  If 
there  is  zero  shift,  we  just  discard  it 
completely. 

Mr.  Strauss  (Rocketdyne) :  We  cannot  afford  to 
discard  all  distorted  data  but  I  certainly 
agree  with  that.  Once  we  know  that  the 
signal  is  distorted  we  must  label  it  as  dis¬ 
torted  or  filtered,  whichever  is  applicable. 

Mr.  Kalbfleisch:  Are  you  attempting  to 
process  and  use  a  distorted  signal? 

Mr.  Strauss:  That  is  correct.  And  today  we 
are  using  Information  from  that  signal.  We 
know  it  is  distorted,  but  we  are  still  using 
it. 

M»~.  Kalbfleisch:  So  the  questions  really 
are  can  we  do  that?  Is  the  calibration 
correct,  and  can  we  process  that  data?  What 
guidelines  does  one  have  to  attempt  to  process 
the  distorted  signal  versus  completely  dis¬ 
carding  anything  with  any  evidence  of  zero 
shift? 

Mr.  Strauss:  I  guess  one  way  to  look  at  this 
TsTy  assuming  that  the  distortion  comes  from 
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the  accelerometer  itself;  if  we  have  a 
piezo-electric  accelerometer,  if  we  know  there 
is  no  permanent  damage,  if  we  know  there  Is  no 
motion  of  the  crystal,  then  maybe  we  can  say 
yes,  the  calibration  is  still  adequate.  On  the 
other  hand,  if  we  assume  that  distortion  comes 
from  the  amplifier,  maybe  we  can  use  one  part 
of  the  data  where  we  know  the  amplifier  is 
stable. 

Mr.  Chu  (Endevco):  That  depends  on  what  causes 
a  zero  shift.  If  it  is  the  crystal  problem, 
at  that  instant  that  you  have  zero  shift,  some 
of  your  crystal  is  depolarized  and  the  sensi¬ 
tivity  is  not  the  same  at  that  particular 
moment;  you  don't  have  the  same  calibration. 

But  if  the  zero  shift  is  caused  by  base-strain, 
or  some  other  factors,  then  your  crystal  is 
still  putting  out  what  is  seen.  At  that 
instant,  maybe  your  calibration  is  still  valid. 
But  as  to  how  to  offset  or  how  to  justify  a 
zero-shift,  how  many  g's  that  is,  no,  I 
don't  have  an  answer. 

Mr.  Kalbfleisch.  It  sounds  as  if  it  is  also 
the  charge  converter  or  the  amplifier,  then 
those  data  are  very  suspect.  It  would  be 
very  difficult  to  assume  that  we  could  use  data 
with  any  evidence  of  zero-shift. 

Mr.  Strauss:  That  is  correct.  Until  we  can 
define  the  exact  source  of  the  shift,  then  we 
can't  really  say  for  sure  that  any  of  the 
data  are  good. 

Mr.  Kalbfleisch:  Can  we  ever  define  that? 

Mr.  Strauss:  I  believe  that  we  will  in  the 
near  future.  But  obviously  we  can't  define 
today  where  these  particular  things  are  coming 
from. 

Mr.  Favour  (Boeing  Aerospace  Company):  You 
mentioned  you  had  a  high-pass  filter,  and  you 
injected  the  sine  wave.  I  would  guess  that 
you  had  a  high-pass  filter  of  a  box-car 
function.  If  you  take  the  inverse  transform  of 
that,  you  get  sine  X,  and  you  qet  exactly  what 
X 

you  expect  there.  In  our  experience  for  any 
transient  work  like  this,  you  should  use  a 
Bessel,  A  Gaussian  or  a  linear  phase  filter, 
as  against  the  Butterworth  filter,  because  they 
produce  far  less  ringing.  The  Butterworth 
filter  is  maximally  flat,  but  it  doesn't  have 
the  best  phase  characteristics.  We  found  over 
fifteen  years  ago  you  can  get  some  DC  bias  in 
your  data  depending  on  the  quantization 
intelligence  of  your  A/D  converter.  For 
instance,  what  jumped  up  and  bit  us  back  around 
1970  was  our  A/D  converter  would  quantize  by 
chopping  to  the  negative  full  scale  direction. 
This,  in  effect,  put  a  half  a  bit  bias  on  all 
data.  When  we  took  a  Fourier  transform  of 
that,  we  ended  up  with  low-frequency  aber¬ 
rations,  somewhat  similar,  but  not  as  severe  as 
the  zero-shift  that  you  are  seeing  here.  We 
were  able  to  remove  that  and  we  did  it 


statistically.  But  also,  if  you  go  to  a  higher 
and  higher  word  size,  like  to  a  fourteen  and 
sixteen  bit  word  size,  obviously  the  bias 
diminished,  and  the  problem  went  away.  It  is 
somewhat  insidious,  and  you  really  have  to  pay 
attention  to  what  is  going  on  in  your  digital 
electronics. 

Mr.  Strauss:  Thank  you.  We  have  now  added  one 
more  possibility  as  far  as  the  source  of  this 
is  concerned.  As  far  as  the  filtering,  I 
agree  with  you. 

We  try  to  represent  here  the  type 
of  data,  the  type  of  filtering  techniques,  and 
the  types  of  responses  that  we  are  seeing  in 
data.  I  agree  that  there  are  certain  types 
of  filters  that  do  minimize  the  distortion. 

It  all  has  to  be  watched  very  closely. 

Mr.  Sill  (Endevco):  We  use  a  two  pole  Butter- 
worth  filter  with  our  piezo-electric  accelero¬ 
meters.  The  reason  we  use  that  is  we  looked 
at  some  of  the  work  being  done  at  Sandia.  I 
think  Pat  Walter  had  a  paper  on  different 
kinds  of  filters:  Chebychev,  Bessel,  and 
Butterworth.  He  favored  the  Butterworth 
because  of  all  the  combined  factors. 
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COMPARISON  OF  RESPONSE  FROM  DIFFERENT 
RESONANT  PLATE  SIMULATION  TECHNIQUES 


Robert  E.  Morse 
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I  will  talk  about  two  applications  of  one  tech¬ 
nique,  the  "Resonant  Plate"  technique,  which  you  have 
heard  other  speakers  talk  about  earlier.  It  is  not  a 
method  that  I  developed.  The  two  systems  that  I  will 
describe  have  been  developed  by  two  different  test  labs. 
One  was  developed  by  the  TRW  test  lab,  and  I  think 
Don  Pugh  gets  the  biggest  portion  of  the  credit  for 
developing  our  "Resonant  Plate"  technique.  The  other 
one  was  developed  at  Lockheed.  They  did  a  very  good 
job  on  their  "Resonant  Plate"  system;  we  are  presently 
using  it  on  a  program  I  am  involved  with  now. 

I  want  to  give  credit  to  several  people  for 
Figure  l  which  essentially  depicts  the  Resonant  Plate 
system  in  terms  that  we  all  should  understand.  This  is 
essentially  what  we  are  trying  to  accomplish  with  the 
Resonant  Plate  system. 

The  first  plate  is  one  we  developed  at  TRW  with 
a  longitudinal  impact.  The  shock  response  spectrum 
requirement  that  we  had  to  meet  was  the  same  in  all 
three  axes  so  the  spectrum  for  our  component  was  the 
same  in  all  three  axes.  The  spectrum  had  fairly  tight 
tolerances  on  it,  but  we  got  some  relaxation  later.  We 
had  a  major  problem  in  the  low  frequencies  where  we 
were  out  of  the  dynamic  range  of  the  measurement 
system,  and  it  took  a  great  deal  of  work  to  convince  the 
customer,  and  even  some  of  our  colleagues,  that  the 
data  were  poor  and  the  reason  was  that  the  measured 
data  were  out  of  the  instrumentation  dynamic  range. 

We  were  getting  about  a  4,000-g  peak  response  spec¬ 
trum.  We  mounted  the  specimen  in  three  separate 
orientations  on  this  plate. 

Figure  2  shows  the  response  spectrum  that  we 
were  required  to  meet.  It  peaks  up  to  4.000  g’s  at 
about  3,500  Hz. 

Figure  3  shows  the  plate  we  developed  for  this 
response  spectrum  at  TRW.  The  specimen  was 
mounted  at  the  center  for  two  of  the  axes.  We  can  just 
rotate  the  box  i'self  to  get  the  two  axes  -  with  the  plate 
impacted  at  the  top.  We  mounted  the  box  for  the  third 
axis  on  the  bottom  of  the  plate.  The  advantage  of  the 
plate  over  the  shaker  is  that  when  you  impact  the  plate 
at  the  end.  you  get  a  traveling  wave  shock;  the  trans¬ 
mission  path  approximates  the  real  path  much  better; 
you  do  not  over-correlate  the  input  at  the  mounting 
points.  The  shock  arrives  at  each  mounting  point  at  a 
different  time,  and  the  shock  is  closer  to  what  it  would 
be  in  real  life.  That  is  not  quite  the  same  for  the  third 


axis.  You  get  these  at  about  the  same  time,  but  the 
transmission  path  is  attenuated  by  going  through  a 
couple  of  interfaces. 

Figure  4  is  the  fixture,  and  if  reflects  the  total 
set-up  and  the  parameters  that  we  had  to  work  with. 

We  had  a  compression  system  where  we  could  put  dif¬ 
ferent  compression  loads  into  the  plate  to  tune  it  to  dif¬ 
ferent  resonant  frequencies.  The  width  of  the  plate  and 
the  length  of  the  plate  affected  it.  The  weight  of  the 
hammer,  the  distance  of  the  drop,  all  had  an  influence 
on  the  amount  of  shock  we  would  get  into  the  unit.  We 
had  some  rubber  compression  members,  and  we  have 
also  tried  several  different  materials  to  influence  the 
shock  response  of  the  plate. 

Figure  5  is  a  labeled  picture  of  that  system. 

Again,  the  unit  was  mounted  at  the  center  for  two  axes, 
and  it  was  mounted  at  the  bottom  of  the  plate  for  the 
third  axis.  The  slide  hammer  slides  on  the  rod,  it  iiits 
the  anvil,  and  it  transmits  the  shock  down  the  plate  and 
into  the  unit.  Three  curves  (Figures  6  -  8)  show  the 
response  spectrum  and  the  tolerances  that  we  got  with 
the  box  mounted  in  each  of  the  three  axes.  The  data  at 
the  low  frequency  end  are  not  really  valid.  However, 
we  did  a  fair  job  of  staying  within  the  tolerances  that 
were  finally  negotiated.  Again,  there  is  not  too  much 
difference  in  the  data  we  got  on  each  of  the  other  two 
axes.  You  would  expect  the  same  from  those  two  axes 
because  the  box  is  essentially  merely  reoriented.  This 
particular  fixture  was  developed  by  the  Environmental 
Test  department  at  TRW,  and  I  thought,  it  did  a  good 
job  by  providing  for  our  4,000-g  shock  requirement. 

We  had  other  projects  that  had  the  same  order  of 
magnitude  shock  response  requirement.  Figure  9  shows 
a  similar  "Resonant  Plate”  system  that  did  the  same 
thing.  This  plate  is  a  little  bit  different  in  length,  and  a 
bit  different  in  width.  The  general  arrangement  and  the 
technique  are  the  same.  Some  of  the  things  that  we 
varied  were  the  width  and  the  thickness.  We  also  tried 
aluminum  plates  and  steel  plates.  You  can  vary  a  few 
parameters  to  accommodate  some  differences  in  your 
requirements,  and  we  have  had  some  success  in  this; 
this  is  the  state  of  develoment  of  the  resonant  plate 
shock  technique  at  TRW. 

Figure  10  shows  our  approximate  status  at  the 
present  time.  We  have  added  a  system  to  measure  the 
force  that  we  actually  apply  to  the  hammer,  so  we  know 
what  that  force  is.  We  use  some  Bungee  cord,  which  is 
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not  very  elegant,  but  by  adjusting  the  cord  tension,  vou 
can  get  some  added  force  to  get  a  higher  impact  and 
vary  the  load  and  the  acceleration  that  are  input  to  the 
specimen.  Again,  it  is  the  same  general  arrangement 
and  technique  of  the  resonant  plate,  impacting  at  the 
end,  getting  the  transmission  down  through  the  plate 
into  the  specimen. 

The  next  system  is  a  'Resonant  Plate"  system 
that  was  developed  by  Lockheed,  We  are  using  it  on  a 
program  that  we  are  performing  for  them.  The  vertical 
impact  in  this  case  is  perpendicular  to  the  plate.  The 
spectrum  requirement  we  have  is  for  one  axis  only.  We 
get  the  response  spectrum  now  in  a  single  axis,  and  we 
don't  have  to  meet  a  particular  requirement  in  the  other 
two  axes,  which  simplifies  the  test  requirement  con¬ 
siderably.  Tolerances  are  also  more  reasonable  for  this 
response  spectrum.  It  is  a  4,200-g  peak  response 
spectrum,  and  we  mount  the  specimen  in  two  different 
orientations  so  that  we  do  get  some  variability  in  the 
amount  going  into  the  component. 

Figure  1 1  shows  a  sketch  of  the  general  test 
arrangement.  The  specimen  would  be  mounted  on  the 
plate,  and  a  pneumatic  actuator  impacts  the  plate.  It  is 
an  aluminum  plate  about  1/2  inch  thick  and  its  size  is  4 
feet  by  6  feet.  The  plate  has  a  3-inch  foam  pad  under¬ 
neath;  the  rest  of  the  structure  and  control  panel  are 
built  up  to  support  the  plate  and  handle  it. 

We  have  a  single  axis  response  spectrum  that  we 
are  trying  to  meet  with  this  particular  arrangement:  a 
4,200-g  proto-qual  requirement.  Figure  I IA  shows  the 
response  spectrum  that  we  will  be  obtaining  with  that 
system.  Figure  12  shows  that  test  set-up.  Again,  the 
unit  is  mounted  on  the  plate,  and  you  can  vary  the  dis¬ 
tance  from  the  impact  point  to  the  test  unit.  Some 
damping  material  can  be  put  under  the  hammer,  and  in 
this  particular  case,  it  is  some  paper  and  a  felt  pad. 

The  pneumatic  actuator  is  controlled  by  a  panel. 

Figure  12  shows  the  foam  and  the  plate.  Figures  13 
and  14  show  the  test  setup  from  the  opposite  end.  You 
can  see  the  foam  pad  and  the  plate  a  little  belter  in 
Figure  13.  Figure  14  is  essentially  the  same  as  Figure 
13;  you  can  see  the  hammer  and  the  damping  material. 

Figure  15  gives  a  pretty  good  idea  of  how  well 
Lockheed  did  in  meeting  the  requirements  with  this 
particular  piece  of  equipment.  The  4,200-g  spectrum 
with  the  tolerances  is  shown,  and  they  met  it  pretty  well 
except  at  the  low  frequency.  Then  we  tried  to  vary 
some  of  the  parameters.  The  distance  was  2  1/2  inches 
from  the  unit  to  the  measurement  point,  and  the  dis¬ 
tance  from  the  measurement  point  to  the  impact  point 
was  6  1/2  inches.  The  actuator  pressure  was  150  psi 
and  15  sheets  of  paper  were  used  for  damping;  that  is 
not  real  elegant,  but  it  does  the  job. 

We  decided  we  wanted  to  know  what  would  hap¬ 
pen  if  we  changed  the  actuator  pressure,  and  Figure  16 
shows  that.  We  have  gone  to  250  psi,  using  the  same 
damping  and  the  same  distances.  The  higher  pressure 
has  raised  the  whole  spectrum.  Then  we  thought  we 
would  try  changing  the  damping.  We  got  26  pieces  of 
paper;  we  use  the  same  pressure,  250  psi,  and  the  same 
distance;  the  damping  knocks  off  the  tail  of  the  high 
frequency-response  (Figure  17).  It  did  a  very  nice  job; 
it  shows  what  you  can  do  by  adding  a  little  damping  if 


you  want  to  bring  the  high  frequency  end  down.  Then 
we  tried  varying  the  distance  to  the  impact  point.  We 
went  from  6  1/2-inches  to  8  1 /2-inches.  It  knocks 
down  the  whole  high  frequency  end  of  the  spectrum, 
not  just  the  tail  of  it,  not  just  one  end.  So  increasing 
the  distance  between  impact  point  and  unit  brought  the 
entire  high  frequency  range  down  nicely  (Figure  18). 

Figure  19  shows  the  effect  of  adding  a  felt  pad 
which  as  you  can  imagine,  changed  the  damping  con¬ 
siderably.  That  is  evidenced  by  the  amount  of  tail-off 
we  got  at  the  high  frequency  with  much  more  damping. 
So,  the  few  things  that  3  ou  can  vary  on  that  system 
don’t  look  like  they  are  very  significant  but  you  can  do 
quite  a  bit  with  the  spectrum  by  just  varying  a  few  of 
the  parameters. 

Initially  when  this  requirement  was  imposed,  we 
didn’t  have  a  very  good  idea  of  what  kind  of  shock  this 
would  put  into  our  components.  We  took  exception  to 
the  requirement  until  we  could  get  some  feel  for  the 
response  on  a  specified  plate,  since  Lockheed  did  not 
have  the  data  at  the  time.  We  collaborated  with 
Lockheed  on  a  test.  We  supplied  an  instrumented  unit, 
just  a  dummy  mock-up  of  a  couple  of  slices  of  elec¬ 
tronics  that  are  typical  of  the  type  of  equipment  that  we 
will  be  using  on  this  project  (Figure  20).  We  had  many 
response  accelerometers  mounted  inside  the  test  unit  for 
this  test.  Figure  21  is  a  prototype  of  the  system  that 
we  are  using  on  this  project.  It  is  a  little  bit  different 
but  essentially  the  same  set-up.  We  took  data  at  the 
input  to  the  box,  and  we  measured  some  responses 
inside  to  see  how  much  attenuation  we  were  getting. 

1  mentioned  we  are  doing  this  in  two  axes  of 
orientation.  Figure  22  shows  the  other  axis  where  we 
are  mounted  face-on  to  the  shock  wave  as  opposed  to 
the  shock  wave  coming  in  from  the  unit  edge.  Figure 
23  is  the  same  picture  but  with  the  labels  on  it  showing 
the  impact  hammer  and  the  pneumatic  cylinder  forcing 
the  hammer  down  against  some  damping  pads  on  the 
large  resonant  piate.  When  you  hit  the  pla:-  the  plate 
goes  into  some  sort  of  resonance.  To  get  what  we 
wanted  on  this  particular  test,  the  plate  was  free  at  the 
middle,  and  we  had  foam  at  each  end  of  the  plate.  So 
there  are  several  ways  that  mounting  the  plate  can  be 
handled. 

Figure  24  shows  the  instrumented  test  unit.  We 
mounted  accelerometers  at  the  top  to  find  out  how 
much  of  attenuation  we  got  all  the  way  up.  We 
mounted  some  accelerometers  right  near  the  mounting 
feet  to  find  out  what  we  were  getting  across  the  mount¬ 
ing  interface  and  we  mounted  many  accelerometers 
inside  the  unit  to  show  how  much  acceleration  we  got, 
inside  in  the  middle  of  the  boards  and  where  parts 
would  be  located,  because  we  have  sensitive  parts  that 
we  are  concerned  about.  Our  major  concern  was 
whether  the  parts  inside  the  components  could  survive 
the  4,000-g  shock  requirements  imposed  on  this 
resonant  plate  when  we  were  not  exactly  sure  what  type 
of  attenuation  or  amplification  would  occur. 

Figure  25  shows  the  instrumentation  we  had 
inside.  An  accelerometer  is  inside  at  the  middle  of 
some  mocked-up  boards  to  get  responses  inside. 

Figure  26  shows  close-ups  of  the  acceleromciers  at  their 
mounting  points. 
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Figure  27  shows  the  instrumentation  mounted  at 
the  comer,  if  you  want  to  generalize  on  the.  attenua¬ 
tion  that  we  got  going  from  the  input  of  the  box  to  the 
inside  the  box,  it  is  about  a  3  dB  attenuation.  It  is  not 
as  much  as  Hank  Luhrs  measured  in  some  of  his  space¬ 
craft  simulator  tests,  or  what  we  really  expect  to  see  on 
a  real  spacecraft.  On  a  real  spacecraft  it  is  probably  6 
dB  or  more.  If  you  look  at  the  way  vibration  specifica¬ 
tions  are  developed  over  limit  load,  there  is  about  a  2-1 
margin  on  that.  So  the  2-1  margin  on  the  shock  is 
probably  not  too  bad  a  margin,  as  long  as  you 
recognize  you  have  a  margin  when  you  are  testing,  and 
you  are  overtesting  the  equipment.  The  margin  is  over 
and  above  what  you  would  see  in  real  life.  The  test  is 
not  too  bad  considering  you  want  a  margin  for 
qualification.  If  you  design  to  meet  this  type  of 
requirement,  you  should  be  in  good  shape  in  real  life. 
That  is  the  purpose  of  the  qual  test. 

Discussion 

Mr.  Mardis  (General  Dynamics  -  Pomona 
Division):  I  had  seen  this  apparatus  betore.  How 
much  did  it  cost?  How  did  you  establish  your  material 
selection  and  the  contact  geometry  between  the  hammer 
and  the  plate? 

Mr.  Morse:  I  don’t  have  an  exact  answer  on  the 
cost.  You  can  see  from  the  material  we  used  to  put  it 
together,  it  is  not  expensive.  However,  quite  a  few 
dollars  were  involved  in  the  development  work  to  arrive 
at  the  system  that  was  shown.  We  did  quite  a  bit  of 
work  on  several  programs  with  it,  so  the  cost  to  TRW, 
to  develop  the  three  particular  plates  that  we  showed, 
probably  does  not  represent  what  somebody  like  you 
might  have  to  do  to  go  into  a  program  now.  because 
you  have  a  pretty  good  idea  of  where  to  start.  With 
regard  to  material  selection,  we  initially  tried  steel 
plates,  and  they  ring  much  more  than  aluminum.  Prob¬ 
ably.  if  you  use  magnesium  you  can  get  more  damping. 
So,  you  would  have  to  look  at  your  particular  require¬ 
ments  and  try  to  tailor  the  materials  that  you  want  to 
use  toward  the  spectrum  that  you  have  and  the  levels 
that  you  have  from  the  other  parameters.  "The  details 
are  left  to  the  student."  About  the  contact  geometry, 
each  of  those  hammers  that  you  saw  in  the  figures 
shown  are  slightly  curved  so  it  is  not  a  pointed  impact 
point,  but  it  is  rounded  in  a  fairly  small  area.  In  many 
cases  we  did  use  u  Delrin  washer  at  the  impact  point. 

We  tried  different  thicknesses,  and  different  thicknesses 
gave  us  different  levels.  So  you  would  probably  end  up 
doing  some  development  work  to  develop  your 
particular  spectrum  with  the  impact  point  and  using 
very  different  materials.  We  used  a  steel  hammer  and 
an  aluminum  anvil. 

Mr,  Rosenbaum  (General  Dynamics  -  Conyair):  I 
guess  we  at  General  Dynamics  should  talk  to  each  other 
more  because  we  have  been  using  an  impact  tester  for 
seven  or  eight  years  that  we  made  out  of  an  old  HYGE 
machine  which  we  use  for  the  pneumatic  hammer.  We 
have  done  a  similar  type  of  testing  for  electronic  com¬ 
ponents  for  a  long  time. 

Mr.  Morse:  Many  years  ago  t  was  very  irritated 
at  the  methods  used  for  high  impact  shock,  and  I 
thought.  'Boy,  the  Navy  is  really  unscientific  with  their 
high-impact  medium  weight  shock  machine.  They  just 
have  a  hammer  hitting  a  plate."  I  thought,  "How  could 
anybody  Ire  so  unscientific  as  to  just  hit  a  plate  with  a 


hammer  and  expect  to  get  the  right  shocks."  Yet,  the 
Navy  stuck  with  that  system,  and  the  equipment  that 
went  into  submarines  and  ships  passed  those  tests,  and 
never  had  problems.  In  retrospect,  it  was  not  a  bad 
system.  They  didn’t  have  much  data  on  it.  They  may 
not  have  known  exactly  why  they  were  doing  it,  but 
they  were  doing  it  right;  maybe  for  the  wrong  reasons, 
but  probably  for  a  lot  of  the  right  reasons.  So  you  have 
to  temper  some  of  the  judgments  you  make  as  a  young 
fellow  as  you  get  older. 

Mr.  Rosenbaum:  In  retrospect,  talking  about 
what  Henry  Luhrs  was  talking  about  this  morning,  we 
found  "off-the-shelf"  250-g  relays  that  would  barely 
pass  drop-table  or  drop-tower  shocks  but  they  would 
easily  pass  orders  of  magnitude  more  than  that  on  a 
resonant-type  table  like  this. 

Mr,  Morse:  1  discussed  the  advantages  of  the 
resonant  plate  in  a  paper  that  1  presented  three  years 
ago.  One  of  the  advantages  of  the  resonant  plate  is  that 
the  transmission  path  is  simulated  and  the  shock  arrives 
at  the  box  in  a  similar  way  as  it  does  in  the  real  world. 
Also,  you  do  not  overcorrelate  the  input  as  you  do  on  a 
drop  table  or  on  a  shaker.  These  are  the  major  aspects 
of  simulation  that  the  resonant  plate  performs.  The 
mounting  impedance  is  still  not  good  because  you  are 
using  a  plate  instead  of  a  honeycomb  panel,  a  space¬ 
craft  structure,  or  whatever  the  real  structure  is. 
Although  the  compliance  still  is  not  matched,  you  at 
least  match  the  transmission  path  in  some  respects. 

Mr.  Rosenbaum:  Like  you.  we  have  used  felt. 
ru'oberT Delrin,  and  all  kinds  of  things  by  trial  and  error 
to  vary  the  widths  of  the  pulse. 

Mr.  Morse:  Again,  this  just  shows  a  couple  of 
ways  to  solve  the  shock  simulation  problem.  You  have 
a  problem.  You  wan*  to  perform  a  shock  test.  How  do 
ou  do  it?  "Resonant  plate"  techniques  are  not  too 
ad.  You  have  a  few  things  that  you  can  vary;  you  can 
vary  some  of  the  parameters  and  get  where  you  want  by 
using  paper  for  damping  or  whatever  works. 

Mr,  Dotson  (Lockheed):  I  was  involved  in  the 
development  of  this  system.  One  reason  we  tried  this 
approach  was  we  were  trying  to  develop  a  system  that 
would  cover  a  particular  spacecraft  that  had  many  items 
mounted  on  honeycomb  panels,  and  which  had  very 
similar  characteristics  to  a  flat  plate.  It  was  also  a 
svstem  that  had  a  lot  of  low  frequency  response.  We 
started  off  trying  to  use  explosive  joints  to  excite  this 
piutc.  It  was  hung  vertically  at  the  time,  and  we  found 
we  couldn’t  generate  the  low  trequencies.  In  checking 
one  of  the  accelerometers  one  of  the  technicians  hap¬ 
pened  to  hit  the  plate  with  the  sledge  hammer,  and  we 
got  the  exact  spectrum  we  wanted.  All  of  a  sudden  we 
got  real  excited  about  it.  So.  we  laid  it  horizontally, 
and  because  we  didn’t  have  an  air-impact  device  at  that 
time,  we  just  dropped  an  aluminum  cylinder  down  a 
plastic  tune;  lo  and  behold,  we  were  getting  all  kinds  of 
good  results.  Then  we  started  varying  the  parameters; 
the  thickness  of  the  plate,  the  type  of  material,  the 
damping  material,  and  the  distance  from  the  source. 

We  pul  it  on  foam,  we  put  it  on  sand,  and  we  could 
vury  the  spectrum  shape  widely.  It  was  very  successful . 
I  should  mention  that  by  putting  it  on  sand  you  can 
move  the  low  frequency  modes  and  steepen  the  slope. 
So  that  is  another  parameter  if  you  ever  need  it.  As  an 
usidt,,  something  that  came  out  of  tiiis  is  that  litis  is  u 
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single  directional-type  device:  but  many  companies  who 
wish  to  use  this  device  require  three-dimensional 
equality.  We  have  recently  put  book-end  shelves  on  the 
system,  and  we  are  getting  significant  in-plane 
responses.  It  is  still  vertical,  but  you  can  rotate  the  box 
on  the  shelf.  Another  point  is  when  data  are  taken  on  a 
spacecraft,  or  even  on  this  plate,  many  times  you  have 
a  tri-axis  accelerometer  that  is  mounted  on  a  little 
aluminum  block  or  some  other  type  of  device.  The 
rocking  of  the  plate,  or  the  rocking  of  the  structure  in 
the  spacecraft,  can  give  you  what  you  think  is  a 
longitudinal  or  an  in-plane  response  that  is  not  really 
there.  It  is  not  true  in-plane  motion.  So  beware  if  you 
are  mounting  your  accelerometers  above  the  neutral  axis 
of  the  structure  or  plate  if  that  is  the  case,  because  up 
to  about  7.000  Hz  and  higher,  just  the  rocking  effect  is 
equal  to  the  normal  response.  Once  we  went  back  and 
looked  at  all  of  our  spacecraft  data,  we  realized  that  ail 
the  enveloping  of  what  looked  like  in-plane  response 
was  really  a  rocking  effect  due  to  normal  response  due 
to  the  bending  waves.  So,  I  think  many  of  the  three- 
dimensional  spectral  requirements  came  from  non-true 
three-dimensional  effects. 


Mr.  Morse:  That  is  a  good  point.  I  have  to 
agree  with  what  is  mentioned  in  the  lead-off  chart:  that 
our  requirements  are  only  for  a  single  axis.  In  a  pre¬ 
vious  project  we  had  to  meet  the  same  shock  require¬ 
ments  in  all  three  axes.  If  you  look  at  the  way 
components  are  mounted  in  a  spacecraft,  shock  really 
comes  to  it  along  a  single  av;s.  You  don't  get  the  same 
response  in  all  three  axes.  You  get  a  major  response 
perpendicular  to  the  plane  on  which  the  component  is 
mounted.  You  don’t  get  the  same  response  in  the  other 
in-plane  axes.  I  think  that  it  is  well  recognized  in 
vibration  because  many  vibration  specifications  now 
require  different  levels  in-plane,  and  normal  to  the 
mounting  plane.  I  think  that  eventually  the  method 
snould  be  the  same  for  sho-k  requirements. 


Voice:  The  last  two  or  three  minutes  of  discus¬ 
sion  satisfied  the  comment  I  was  going  to  make.  It  was 
about  the  compromise  that  one  might  have  to  accept  in 
a  lateral  axes,  but  I  thought  Ron  addressed  it  real  well 
by  saying  with  book  shelf-type  fittings  you  can  get  the 
lateral  axes  as  well. 
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Results  of  Simulated  Pyro-Shock  Tests 


Figure  9  ,  Revuiani  Plate  System 
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Figure  12.  Proto-Qual  Test  Setup  on  Lockheed 
Resonant  Plate  System 


Figure  13  Other  Views  of  the  Prcto-QuaJ  Test 
Setup  on  the  Lockheed 
Resonant  P!*te 
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FIGURE  18*  Impact  ik.  Increase  In  Distance  of  Impact  to  Unit  and  Measurement 
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Figure  20.  Mockup  of  Electronic  Equipment 


Figure  21.  Prototype  Electronic  Equipment  Ti 
Side-on  to  the  Wave  Transmission 


Figure  23.  Prototype  Electronic  Equipment  Labeled  Test  Setup 
Face-on  to  the  Wave  Transmission 


Figure  24.  Instrumented  TeBt  Knit 


Figure  27.  Ina t ru«e«t* t ton  Haunted  <tc  the  Corners  of 
the  Znatrunented  Teat  Unit 


Discussion 

Mr.  Hsrdls  (General  Dynamics  -  Ponone. 

Division); I  Had  seen  this  apparatus  before. 

Bov  ouch  did  it  cost?  Hov  did  you  establish 
your  sate rlsl  selection  and  the  contact  geometry 
between  the  banner  and  the  plate? 

Mr.  Morse;  I  don't  have  an  exact  answer  on  the 
cost.  You  can  see  from  the  material  ve  used  to 
put  it  together,  it  is  not  expensive.  However, 
quite  a  few  dollars  were  involved  in  the 
development  work  to  arrive  at  the  system  that  is 
there.  tfe  did  quite  a  bit  of  work  on  several 
programs  with  it,  so  the  cost  to  TRW,  to  develop 
the  three  particular  plates  that  ve  shewed, 
probably  does  not  represent  what  somebody  like 
you  might  have  to  do  to  30  Into  a  program  now, 
because  you  have  a  pretty  good  idea  of  where  to 
etart.  With  regard  to  material  selection,  ve 
initially  tried  steel  plates,  and  they  ring  such 
more  than  aluminum.  Probably,  if  you  use 
tKMTiealum  you  can  get  more  dating  .  So,  you 
wou.i  have  to  look  at  your  particular 
requi;  ^sarta  and  try  to  tailor  the  materials 
that  you  vaut  tc  use  toward  the  spectra*  that 
you  have  and  th«.  ,‘evela  that  you  have  fro*  the 
other  parameters.  Vi  details  are  left  to  the 
student."  About  the  cot.bart  geometry,  each  of 
those  hanaera  that  you  sav  are  ellghtly  curved 
so  it  la  not  a  pointed  lapaci  point,  but  it  is 
rounded  in  a  fairly  small  area.  In  many  cases 
we  did  uae  a  Delrln  uaahtr  at  the  irqj&ct 
point.  We  tried  dlrferent  thicknesses,  an-? 
different  thicknesses  gave  us  different 
levels.  3o  you  would  probably  end  up  doing  a 
lot  of  development  work  to  develop  your 
particular  epectrua  with  that  Inpact  point  and 
using  very  different  materials.  Ve  used  a  steel 
hammer  and  an  aluminum  anvil. 

Hr.  Rosenbaum  (general  Dynamics  -  Convair):  I 
gjeaa  we  at  General  Syrwuxtcs  ahould  talk  to  each 
other  more  because  ve  have  been  using  an  ispact 
teeter  for  seven  or  eight  years  that  ve  made  out 
or  as  old  KYQK  machine  which  ve  uae  for  the 
pneumatic  tamer.  V®  have  done  a  similar  type 
of  testing  for  electronic  components  for  a  long 
time. 

hr.  H-irse :  Many  years  ago  I  v*i\  very  irritated, 
arsd  t  thought,  "hay,  the  Xavy  l.  re-.Uy 
unscientific  vlth  their  htgh-lsgact  media* 
weight  shock  machine,  they  Just  have  a  hammer 
hitting  a  plate."  I  thought,  "Kov  could  anybody 
be  so  unscientific  as  to  Just  hit  a  plate  vlth  a 
haamer  and  expect  to  get  the  right  shocks." 

Yet,  the  Xavy  Stuck  vlth  that  system,  and  the 
equipment  that  vent  into  submarines  and  ships 
passed  those  tests,  and  rarer  had  problem-  to 
retrospect,  it  vaa  not  a  bad  system.  they 
didn't  have  mith  data  00  it.  They  didn't  knev 
exactly  why  they  were  doing  it,  tut  they  vets 
doing  it  right  may  he  for  the  wrong  reasons ,  but 
probably  for  a  lot  cf  the  right  reasons.  So  ydu 
have  to  temper  some  of  the  Judgements  you  sake 
as  a  young  fellov  as  you  get  older. 


Mr,  Rosenbaum:  In  retrospect,  talking  about 
vhat  'Henry  Luhrs  was  talking  about  this  morning, 
ve  found  "off-the-ahelf"  250-g  relays  that  vould 
barely  pass  drop-table  or  &•  op-tower  shocks  but 
they  vould  easily  pass  orders  of  magnitude  more 
than  that  on  a  resonant-type  table  like  this. 

Mr,  Morse:  I  discussed  to*  advantages  of  the 
resonant  plate  in  a  paper  that  1  presented  three 
years  ago.  The  advantages  of  the  resonant  plate 
are  the  transmission  path  and  the  fact  that  the 
shock  arrives  at  the  box  in  a  similar  way  to  the 
real  world;  you  do  not  overcorrelate  the  input 
as  you  do  on  a  drop  tab  la  or  on  a  shaker.  That 
Is  the  seat  portion  of  the  resonant  plate 
alKiiation  that  you  can  do.  The  mounting 
i  ape  dance  la  still  not  good  because  you  are 
using  a  plate  instead  of  a  honeycomb  panel,  a 
spacecraft  structure,  or  vhat  have  you. 

Although  the  coapllance  still  Is  not  matched, 
you  at  least  match  the  transmission  path  in  some 
respects, 

Mr.  Rosenbaum:  Like  you,  ve  have  used  felt, 
rubber,  Delrln,  and  all  kinds  of  things  by  trial 
and  error  to  vary  the  widths  of  the  pulse. 

Hr,  Morse:  Again,  this  Just  shows  a  couple  of 
vays  to  solve  problem.  You  nave  a  problem.  You 
want  to  perform  a  shock  test,  "cv  do  you  do 
it?  "Resonant  plate"  techniques  are  not  too 
bad.  You  have  a  few  things  that  you  can  vary; 
you  can  vary  some  of  the  parameters  and  get 
vhere  you  want  by  '-'sing  paper  for  dating  or 
whatever  works. 

Hr.  Dotson  (Lockheed):  I  was  Involved  In  the 
development  of  this  system.  One  reason  ve  tried 
this  approach  vat  .ve  were  trying  to  develop  a 
ayste*  that  would  cover  a  particular  spacecraft 
that  bad  many  of  l  teas  mounted  on  hcneycoetb 
panels,  and  vMch  had  very  similar 
characteristics  to  a  flat  plate.  It  vaa  also  a 
system  that  tad  a  lot  of  lov  frequency 
response.  We  started  off  trying  to  use 
explosive  Joints  to  excite  thin  plate.  It  vat 
hung  vertically  at  the  time,  and  ve  found  ve 
couldn't  generate  the  lov  frequencies.  In 
checking  one  of  the  accelerometers  one  of  the 
technicians  happened  to  hit  the  plate  vlth  the 
sledge  hammer,  and  we  got  the  exact  spectrum  ve 
wanted.  All  of  a  sudden  ve  got  real  excited 
about  it.  So,  ve  laid  It  horlsoetally,  end 
because  ve  didn't  have  an  alr-lmpact  device  at 
that  time,  ve  Just  dropped  an  aluminum  cylinder 
down  a  plastic  tube;  In  and  behold,  ve  vere 
getting  all  kinds  of  geed  result*.  Then  w-c 
started  varying  the  parameters;  the  tVcvnes*  of 
the  plate,  the  type  of  amt.-ritl,  the  dashing 
material,  and  the  distance  from  the  source.  Ve 
put  It  on  foam,  ve  put  it  on  mao.*,  and  ve  cowl  4 
vary  the  spectrum  shape  v'.  **iy.  It  was  very 
successful.  I  should  mention  that  by  putting  it 
on  sand,  you  a.i  move  the  low  frequency  widen 
and  steepen  the  slope.  So  that  is  aneft.jer 
parameter  If  you  ever  need  it.  As  an  aside, 
something  that  came  out  of  this  is  that  this  Is 
a  single  directional -type  device;  hut  many 
coxqanie*  who  vlsh  to  uae  this  device  require 
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three-dimensional  equality.  We  have  recently 
put  book-end  shelvee  on  the  system,  and  we  are 
getting  slgnlf leant  ln-plane  reaponeee.  It  la 
rtlll  vertical,  but  you  can  rotate  the  box  on 
the  ehelf.  Another  point  la  when  data  are  taken 
on  a  spacecraft,  or  even  on  thle  plate,  aeny 
tlaea  you  have  a  trl-axl*  aooeleroaeter  that  la 
Mounted  on  a  little  aluminum  block  or  aoae  other 
type  of  device.  The  rocking  of  the  plate,  or 
the  rocking  of  the  atructure  In  the  spacecraft, 
can  give  you  what  you  think  la  a  longitudinal  or 
an  ln-plane  response  that  la  not  really  there. 

It  la  net  true  ln-plane  notion.  So  bevare  If 
you  are  Mounting  your  aceeleronetere  above  the 
neutral  axle  of  the  structure  or  plate.  If  that 
la  the  case,  because  up  to  about  7,000  Ha  and 
higher,  Just  the  rocking  effect  la  equal  to  the 
noraal  response.  Once  ve  vent  back  and  looked 
at  all  of  our  spacecraft  data,  ve  reelleed  that 
all  the  enveloping  of  vhat  looked  like  ln-plane 
response  vaa  really  a  rocking  effect  due  to 
noraal  response  due  to  the  bending  waves.  So,  I 
think  naqy  of  the  three-dlaenalcoal  spectral 
requirement*  cane  froa  noc-true  three- 
dlaeoelonal  effect*. 

Hr.  Horae:  That  la  a  good  point.  I  have  to 
agree  vlth  vhat  la  Mentioned  In  the  lead-off 
chart,  that  our  requlrenents  are  only  for  a 
single  axle.  In  a  previous  project  ve  had  to 
meet  the  aaae  shock  requirement*  la  all  three 
axes.  If  you  look  at  the  way  components  are 
Mounted  In  a  spacecraft,  ehock  really  coew  to 
It  that  my.  You  don’t  get  the  aaae  leepoaea  in 
all  three  axes.  You  get  a  aajor  response 
perpendicular  to  the  plane  In  which  the 
component  la  Mounted.  You  don't  get  the  aaae  in 
the  other  ln-plane  axea.  I  think  that  is  well 
recognised  in  vibration  because  asuy  vibration 
specifications  now  require  different  levels  ln-» 
plane,  and  noraal  to  the  Mounting  plane.  1 
think  that  eventually  should  be  the  aaae  Tor 
shock  requirements. 

Voles i  The  last  two  or  three  sd notes  of 
discussion  satisfied  the  ooassent  I  was  going  to 
sake.  It  was  about  the  compromise  that  one 
might  have  to  accept  in  a  lateral  asaa,  but  I 
thought  Roc  addressed  It  real  well  ty  say  leg 
with  book  shelf-type  fittings  you  can  get  the 
lateral  axes  a a  well. 


Ill 
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ABSTRACT 

This  paper  deaorlbea  tha  taat  techniques  used  at  Sandla  Rational 
Laboratories  for  simulating  pyrotaohnlo  shook  on  components.  It  la  a 
'3esowtlng  Fixture*  approach,  aoaatlaaa  known  aa  a  haaaar  taat.  This 
papar  hrlnss  together  inforaatlon  that  la  available  saparatoly  In  tha 
literature,  and  adds  details,  not  previously  published,  which  should  enable 
tha  reader  to  reproduce  these  taohnlquaa  for  their  own  use. 


When  working  with  eoae  pyrotechnic  device,  or 
soaa  other  lapulslve  stimuli  on  a  real  structure, 
(fig.  1),  experience  Indicates  that  somewhere 
near  that  pyrotaohnlo  davit s,  very  high  g  lavelas 
perhaps  greater  than  100,000  g'e,  end  very  high 
frequencies,  perhepe  greeter  than  10-100  kits, 
exist.  In  this  region  (Region  I,  fig.  1),  tha 
shock  is  bast  described  In  term*  of  otraea  wave 
propagation  as  opposed  to  structure!  response.  I 
describe  this  region  as  the  •materiel  response  to 
the  atlaull.*  In  meat  atrueturea,  aoaewbere 
remote  to  the  pyrotechnic  device,  g  levels  teed 
to  be  lower,  typically  leea  then  20,000  g'e,  end 
doalneot  frequencies  ere  elao  lower.  Those 
dominant  frequencies  ere  on  the  order  of  1,000- 
10,000  Re.  The  response  of  the  structure  in  this 
region  (Region  II,  figure  1)  Is  dominated  by  the 
structural  response  of  the  entire  etrwoture. 
Moat  of  the  pyrotechnic  shook  environments 
encountered  at  Sandla  ere  of  the  Region  II  type. 
This  Region  II  environment  can  be  adequately 
simulated  with  nechenlir!  l^ect  teat  teshnlqueet 
e  number  of  these  mechanic*!  Iwpect  technique* 
ere  described  In  the  literature. 

Figure  2  shows  design  philosophies  for  sons  of 
these  impact  test  techniques.  In  figure  3e,  the 
teat  ooseooeat  le  attached  to  the  actual  struc¬ 
ture-  It  will  be  used  In.  The  beet  structure  le 
struck  in  a  trial  end  error  fashion  until  a 
response  which  satisfies  the  teat  requlrwset  is 
obtained. 

Another  teat  technique  (Figure  2b)  also  usee  a 
trial  end  error  method  of  determining  the 
response  at  the  test  item.  Instead  of  using  the 
actual  structure  which  may  he  very  complex,  a 
teat  fixture  of  a  el spier  geometry,  such  ee  a 
plate  flature,  le  ueed. 


Source  of 


Figure  1.  Two  distinct  region*  of 
pyrotechnic  shock. 


Sendee  has  many  different  teat  Items  with  various 
shock  spectrum  requirements,  ee  opposed  to  a 
production  agency  that  might  have  only  a  few  teat 
items  with  the  HM  requirement.  Ve  euet  have  a 
teat  technique  where  we  can  easily  develop  e 
variety  of  shock  spectre  without  an  elaborate 
effort  to  design  a  very  specific  teat  apparatus, 
figure  2c  shews  bow  this  1*  done.  Ve  have  a  test 
fixture  to  which  we  mcuct  the  teat  Item.  That 
teet  fixture  is  struck  with  either  a  pendulum 
heeeer  or  *n  alrguo-fired  projectile.  Tfcet  test 
nature  is  analytically  designed  so  the  reeponse 
cf  the  test  fixture  end  the  test  item  ere  know 
prior  to  performing  the  actual  test. 

The  fixture  reepenat  le  acme  function  of  the  test 
item  material  and  geceetry,  the  test  fixture 
materiel  end  geometry,  the  impact  forcing  func- 
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tion,  its  location  and  direction.  This  oould 
be  a  very  complex  analysis,  but  fortunately  the 
analysis  can  be  simplified  in  several  ways. 
First,  a  simple  test  fixture,  e.g. ,  a  beam,  thick 
plate,  or  bar  fixture  whose  modes  are  simple  and 
a  known  function  of  geometry  can  be  selected. 
Seoond,  the  fixture  oan  be  made  relatively  stiff 
and  massive  so  its  response  is  essentially  inde¬ 
pendent  of  the  test  item  to  which  it  is  mounted. 
Thus,  the  test  item  oan  be  neglected  ana  the 
solution  to  the  analysis  decoupled.  Experience 
indicates  we  oan  assume  that  the  impact  is  ap¬ 
proximately  a  half  sine  pulse  with  variable 
amplitude  and  duration. 


The'  two  fixtures  selected  for  this  purpose  are  a 
bending  plate  fixture  and  a  longitudinally 
resonant  bar  fixture,  hereafter  referred  to  as  a 
Hopkinson  bar.  The  bending  plate  fixture  is  a 
square  plate  whose  dimensions  are  L  by  L  oy 
thickness  T  (Fig.  3).  It  is  struck  on  the  center 
of  one  side,  and  the  component  is  mounted  on  the 
opposite  face  in  the  center  of  the  plate.  The 
first  bending  mode  of  the  plate  is  the  one  which 
we  attempt  to  use.  This  is  approximately  given 
2 

by  equation  1.  For  this  case,  the  component,  as 
shown  in  Figure  3,  is  looated  at  an  anti-node  for 
the  first  bending  mode.  The  response  we  excite 
is  perpendicular  to  the  base  of  the  component  for 
this  configuration. 

The  Hopkinson  bar,  (Fig.  t),is  utilized  in  a 
similar  manner,  but  impact  occurs  on  one  of  its 
ends,  thus  exciting  that  fixture  into  its  lon¬ 
gitudinal  modes  of  vibration.  Those  modes  are 
calculated  from  the  one-dimensional  wave 

equation.  The  result  is  given  by  equation  2.^ 
In  the  configuration  illustrated,  the  input  to 
the  test  item  would  be  tranverse  to  the  base. 

The  method  of  using  the  first  modes  of  a  plate 
fixture  or  a  Hopkinson  bar  to  simulate  pyrotech¬ 
nic  shook  was  first  proposed  by  Bai  and 

Thatcher. 1  In  their  paper,  tlisy  selected  a  pair 
of  fixtures,  a  bending  plate  fixture  and  a 
Hopkincon  bar  fixture,  which  have  the  same  first 
modes.  They  tested  the  component  perpendicular 
to  its  mounting  direotion  on  the  bending  plate 
fixture  and  the  two  transverse  directions  on  the 
Hopkinson  bar  fixture. 

Those  fixtures  are  designed  in  a  simple  way,  so 
that  their  struotural  mode(s)  match  the  frequency 
content  of  a  given  test  specification  (i.e., 
shook  spetrum).  Figure  5  shows  a  normalized  log- 
log  shook  opectrum  of  a  single  degree-of-freedom, 
damped  linear  oscillator;  while  not  exaotly 
drawn,  the  character  is  shown.  If  the  first  mode 
of  one  of  these  fixtures  is  exoited,  the  resi  l- 
tant  shook  spectrum  would  resemble  that  in  Figure 
5,  end  tbe  time  history  would  resemble  tbo  inset 
drawing 

A  shook  spectrum  from  an  aotual  pyrotechnic  shook 
is  shown  in  Figure  6.  The  shook  spectrum  from  a 
single  degi  se-of- freedom  oscillator  oan  be  ovor- 
layed  in  such  a  manner  as  engineering  judgment 


Figure  2.  Test  design  philosophies. 


Figure  3.  Bonding  plato  fixture. 
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would  dictate  to  be  the  best  envelope.  Figure  7 
illustrates  this  envelope.  It  turns  out  that  a 
fixture  resonanoe  of  about  2,000  Hz  with  a  peak 
acceleration  of  about  2000  g's  is  needed  to 
simulate  this  particular  environment. 


*  22.4-y 
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where  E  =  modulus  of  Elasticity 
p  =  density 
T  =  plate  thickness 
L  =  plate  length  and  width 


Equation  1 


Tes  t 

Component 


nc 

2L 


where  n  =  1,  2,  3... 

c  =  wave  speed  in  bar 
L  =  bar  length 


Equation  2 


The  first  modos  of  those  fixtures  are  used  since 
the  response  shook  spectrum  is  approximately 
known.  The  dimensions  of  these  fixtures  are 
designed  so  their  first  modes  correspond  with  the 
peak  on  the  shook  apeotrua.  This  method  applies 
to  a  somewhat  limited  olaaa  of  pyroteohnio  shook 
environments  that  have  a  shape  similar  to  that 
one-dlmenalonal  decayed  oscillator.  Host  actual 
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Figure  5.  Normalized  shock  spectrum  of  a 
damped  linear  oscillator. 


Figure  6 .  Shock  spectrum  of  actual 
pyrotechnic  shoo.. 


environments  seen  at  Sandia  Laboratories  fit  that 
shape  very  well.  Onoe  the  fixture  geometries  are 
selected  and  their  sizes  determined,  their  modes 
of  vibration  are  fixed.  We  then  Impact  the 
fixture  in  order  to  oxcite  the  first  node.  This 
Is  dono  by  controlling  the  amplitude  and  duration 
of  the  input  pulso  which  is  applied  by  a  hameor 
or  projectile.  For  example,  a  beam  with  a  first 
mode  of  1,000  hz,  roquireo  an  input  pulso  dura¬ 
tion  of  about  one  millisecond.  The  amplitude  of 
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that  pulse  is  simply  varied  by  increasing  or 
decreasing  the  impact  velooity;  the  duration  is 
controlled  by  various  shock  programmers. 
Sometimes  an  elastic  programmer  (Figure  8)  is 
used,  which  oonsists  of  a  piece  of  Delrir.  plastic 


Frequency 

Figure  7.  Fravious  shock  spectrum  showing 
envelope . 


Fixture  damping  is  another  parameter  wbioh  needs 
control.  These  structures  are  fairly  uniform, 
continuous  media,  hence  they  have  very  little 
damping  of  themselves.  A  component  mounted  to 
that  structure  increases  the  mechanical  damping, 
however,  these  fixtures  still  resonate  for 
hundreds  of  milliseconds.  This  is  not  desirable 
because  the  actual  pyroteohnio  shook  environment 
typically  lasts  less  than  20  milliseoonds.  These 
fixtures  can  be  mechanically  dampened  by  damping 
various  bar  or  plate  materials  to  the  fixture 
itself.  These  bars  tend  to  lower  the  first  mode 
of  the  fixture  by  not  more  than  20JE,  whioh  is 
usually  acceptable.  This  simplifies  the  analysis 
sinoe  the  damping  clamps  do  not  have  to  be  ac¬ 
counted  for  when  calculating  the  first  mode 
frequency  of  the  fixture.  For  example,  a  damping 
arrangement  on  the  bending  plate  fixture  as  shown 
in  Figure  9  is  a  square  aluminum  bar  clamped  to 
two  edges  of  the  plate  with  C-clamps  or  bolts. 
The  same  thing  oan  be  done  for  the  Hopkinaon  bar 
by  clamping  a  small  plate  stook  on  its  impact  end 
(Figure  10).  The  small  x's  indicate  the  presence 
of  either  a  bolt  or  a  C-clamp  attachment  point. 
The  damping  may  be  increased  (or  decreased)  by 
U3ing  more  (or  fewer)  clamps.  The  maximum  number 
of  clamps  needed  does  not  greatly  affeot  the 
calculated  first  mode  of  the  atruoture. 
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Figure  8  Dot  a  11  of  typct.il  Impact 
a  n r  t'  ace  . 


Resonant  Plate 
Fixture 


Damping  3a is 


Figure  9,  Damping  bar*s  added  to  bending 
plate  fixture. 


and  a  pieoo  of  fait.  This  is  typically  for 
plate'  .  tth  a  low  natural  frequency  (<1000  lit). 
For  l.-glier  frequencies,  a  oetal-to-cctol  impact 
is  used.  In  these  oases,  the  programming 
material  la  usually  a  piece  of  aluminum.  The 
aluminum  la  indented  with  a  projectile  or  hammer 
which  has  either  a  spherical  or  conical  nose. 
The  duration  is  varied  by  Qhajiging  the  spherical 
radius  or  cone  angle.  For  example,  If  the  cone 
la  mado  sharper,  the  impact  duration  would  bo 
longer.  With  only  minimal  trial  and  error,  the 
Impact  duration  oan  be  lengthened  or  shortened  so 
that  the  first  mode  of  the  plate  or  a  beam  fix¬ 
ture  is  excited. 
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Figure  10.  Damping  pUtet  added  to 
Hopkinaon  bar  fixture. 
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Controlling  the  response  of  the  Hopkinson  bar 
fixture  with  these  damping  clamps  is  the  subject 
of  a  paper  presented  by  the  author  at  the  1985 

h 

IBS  Annual  Technical  Meeting.  The  basic  result 
of  that  paper  states  "Masses  clamped  at  the  nodes 
of  the  itb  mode  cause  the  response  to  be 
dominated  by  that  itb  mode."  For  example,  the 
nodes  for  the  seoond  mode  of  the  Hopkinson  bar 
occur  at  LA  from  each  end.  Figure  11  shows  a 
pair  of  masses  (plates)  clamped  at  the  nodes  of 
mode  2  for  a  Hopkinson  bar.  If  that  plate  is 
impacted  longitudinally  with  the  appropriate 
duration  pulse,  the  fixture  can  be  excited  into 


Hz  seoond  mode  is  dominant  and  the  first  mode  is 
suppressed  and  shifted  to  about  800  Hz.  With 
this  method,  the  1st,  2nd,  or  3rd  mode  of  this 
Hopkinson  bar  can  be  selectively  excited.  At 
higher  modes  the  nodal  spacing  becomes  oloser  and 
there  is  a  tendency  to  overlap  different  nodes 
with  the  clamps  placed  on  the  bar. 

The  techniques  described  provide  a  very  practical 
means  of  simulating  pyrotechnic  shook  of  the 
structural  response  type  (Region  II  of  Pig.  1). 
These  techniques  eliminate  most  of  the  trial  and 
error  required  by  other  test  methods. 


.damping  plates 
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Figure  11.  Damping  plates  positioned  on 
a  Hopxln3on  bar,  io  that  the 
-second  mode  is  dominant. 
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Figure  12.  Shock  spectrum  -showing 

dominant  (node  2  r  o  : J’on.iu . 


Its  second  mode  response.  The  Hopkinson  bar  used 
consisted  of  a  tvo-inch  by  ten-inch  by  eight-fcot 
long  aluminum  bar  which  was  the  basic  test 
fixture.  Figure  12  Illustrates  the  shock 
spectrum  of  such  an  arrangement.  The  t irst  mode 
of  that  fixture  la  1,000  Hz.  Rote  that  the  2,000 
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APPENDIX 


Transcript  of  dlsoussion  following  presentation 
of  this  paper  at  the  56th  Shook  and  Vibration 
Symposium. 

Mr.  Safford  (Agablan  Associates)  t _ About  1971  or 

1972,  Pat  O'Neil  and  Chuck  Tierman  or  TRW  did 
some  hammer-type  impact  tests  on  long  bars  where 
they  hung  weights  that  were  gasketed  with  an 
elasto-plastio  material.  They  were  looking  to 
attenuate  the  shook  front.  They  did  a  lot  of 
very  nice  work.  It  might  be  applicable.  It  is 
published  material  and  easily  aooessiblle.  It  is 
a  nloe  little  artiole;  it  night  help  you. 

Mr.  Qalef  (THiO;  It  looks  like  you  arc  hitting 
that  free-free  plate  with  a  rather  good  sized 
mass  going  at  a  rather  good  speed.  Tou  are  also 
ezoitlng  the  rigid  body  mode  in  addition  the  the 
first  mode  that  you  want  to  excite.  I  believe 
you  are  applying  a  test  whioh  is  quite  unrealis¬ 
tic  in  comparison  to  pyrotechnic  shooks.  Tou 
will  have  much  more  energy  than  you  want  at  the 
low  frequencies  unless  you  somehow  restrain  that 
plate. 


Mr.  Davie;  It  turns  out  that  the  velocity  ohange 
of  the  plate,  whioh  is  very  massive,  is  very 
small.  The  hammer  may  be  large  by  what  your 
experience  indicates,  but  the  veloolty  change  of 
the  plate  due  to  the  impulse  Is  fairly  small. 
Tou  oan  see  that  by  looking  at  the  shook  spectrum 
that  we  have  generated  from  those  techniques. 
The  velooity  ohanga  ia  usually  well  under  ten 
feet  per  second,  perhaps  even  less.  It  ia  true 
the  velooity  change  might  be  higher  than  what  you 
would  see  in  an  actual  pyrotechnic  shook 
environment;  however,  as  far  as  the  shook  speotra 
is  concerned,  if  you  had  an  undeatrably  high 
velooity  change,  that  would  be  indiowtod  in  the 
shook  spectrum,  and  that  is  not  the  oase. 


Mr.  Powers:  I  ro&lly  appreciate  Soil's  idea  of 
defining  two  distinctive  areas.  I  think  aany 
people  do  not  realize  that  there  really  are  tw 
distinctive  areas  in  pyrotechnic  shock-,  When  you 
are  very  near  the  source,  ve  sake  coamonta  like, 
•The  shook  response  spectrum  in  all  three  axes  is 
approximately  equal.*  lie  also  have  to  realize 
about  the  comment  about  three  uosalercaetsrs-  that 
what  we  ere  looking  at  are  ail  counted  on  a 
little  one-inch  block.  However,  99  you  travel 
further  away  from  this  Ion®  1,  the  basic  struc¬ 
ture  is  no  longer  excited  primarily  due  to  the 
ep*ed  of  sound,  or  through  the  longitudinal  mode* 
Of  the  structure.  It  is  excited  more  in  the 
classical  sodas  of  vibration  and  dytitsics.  As  I 
said  earlier  today,  if  you  go  ow*y  tree  a  source, 
I  don't  really  thi^k  it  would  makG  much  dif¬ 
ference  what  you  hit  the  aft  end  with.  Py  the 
time  you  are  far  from  the  source,  if  you  monitor 
on  a  telemetry  reck,  it  will  resonate  at  its  own 
natural  frequency. 


*  vAj*  *  A* 


•  a  .  ■  . 


■  .v  .  .  A  ’  . 
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MULTI-AXIS  TRANSIENT  SHOCK  SIMULATION 
USING  MECHANICAL  PULSE  GENERATORS 


F.B.  Safford* 
Agbabian  Associates 
El  Segundo,  California 


Pyrotechnic  shock  is  represented  by  a  very  short  time  duration,  accelerations  into  the 
1000  g  levels,  and  a  wide  frequency  band  up  to  10  khz.  The  current  technology  of 
laboratory  simulation  test  machines  is  hard  pressed  to  repetitively  meet  these  require¬ 
ments  in  one  axis  and  much  less  so  in  two  or  three  axes  simultaneously.  A  bi-axial 
transient  shock  machine  under  development  for  the  U.S.  Army  ERADCOM  is 
described  and  shows  potential  to  adequately  meet  these  pyrotechnic  requirements  in 
two-axes  with  extension  to  three-axes. 


*  Now  Professor,  Mechanical  Engineering,  Northrop  University 


When  it  comes  to  pyrotechnic  shock,  I  am  a 
latecomer.  Some  years  ago,  it  was  postulated  that  a  series 
of  force  pulses  could  be  used  to  stimulate  motions  in 
structures.  If  a  train  of  force  pulses  can  be  configured,  for 
time  duration,  the  onset  time  and  the  amplitude  of  each 
and  every  pulse  and  if  the  dynamic  characteristics  of  the 
structure,  (the  transfer  impedance)  can  be  determined 
(analytically  or  by  testing),  can  the  response  motion  that 
would  duplicate  the  test  events  or  real  events  in  practice 
be  produced?  Computer  simulations  were  made  from 
which  a  procedure  was  evolved  that  showed  errors  within 
five  percent  error  with  respect  to  the  expected  motion. 
This  led  to  the  building  of  a  series  of  pulse  machines  that 
ranged  from  metal  cutting,  (where  metal  chips  arc  cut)  to 
using  cold  gas  pulse  generators,  to  generating  pulses 
using  single  shot  chemical  rockets.  Machines  have  been 
built  that  go  down  to  a  few  hundred  pounds  of  force,  up 
to  a  hundred  thousand  pounds  of  force  and  designs  that 
look  very  feasible,  to  up  to  a  million  pounds  of  force. 

Much  of  this  work  was  accomplished  for  the  U.S. 
Army,  the  Department  of  Energy,  and  for  the  National 
Science  foundation.  The  current  project  is  for  the  U.S. 
Army  Electronics  Research  and  IJcvelopmcnt  Com¬ 
mand.  The  U.S.  Army  is  very  concerned  about  commun¬ 
ications  equipment  since  the  army  of  the  future  will  be 
nuclear,  and  must  withstand  nuclear  shock  as  well  as  high 
explosive  shock,  figure  1  shows  a  conventional  (wo  and  a 
half  ton  truck  with  a  recently  developed  hardened  shelter 
made  of  Kevlar  The  truck  has  guy  wires  to  prevent 
overturning  a;  <1  is  tested  in  various  configurations  under 
blast  loads  by  high  explosive  events.  Kansan  Sciences  is 
performing  very  elegant  finite  clement  studies  using 
At)INA.  to  predict  what  happens  to  the  structure  when 
the  blast  wave  hits.  I  he  army  requires  a  machine  that  can 
be  used  to  simulate  the  predicted  response  of  C  M  elec¬ 
tronic  equipment  housed  inside  the  shelter.  1  Hu  machine 
will  be  used  for  qualification  tests  and  acceptance  tests  on 
every  piece  of  equipment  for  assurance  of  battle  hard¬ 
ness.  Every  lime  that  equipment  is  icturned  to  the  depot 


for  repair,  it  is  run  through  the  test,  at  a  lower  level,  of 
course.  The  way  this  technique  works,  given  a  criteria 
function,  or  an  objective  function  (motion-time  history), 
impedance  measurements  or  calculations  are  made  so 
that  the  structure  and  the  load  impedance  of  this  system 
are  known.  This  computer  model  is  stimulated  with  force 
pulses,  run  through  step-by-step  to  obtain  a  response, 
then  through  an  error  function,  do  the  optimization  and 
then  come  back  and  correct  as  shown  in  Figure  1.  The 
pulses  arc  single-sided  or  push  pull  (attached  to  opposite 
sides  of  structure).  The  optimization  program  took 
several  years  to  develop,  and  it  is  a  random  search 
technique.  It  is  rather  computer  time-intensive. 

The  other  criteria  the  army  has  is  that  they  do  not 
put  much  stock  in  shock  spectra;  they  prefer  time 
histories  as  a  governing  yardstick.  They  feel  if  you  are  in 
the  range  of  the  time  durations,  the  general  envelope  of 
the  lime-history  peaks  and  the  frequency  bandwidth,  test 
simulation  is  more  realistic.  Failure  is  largely  non-linear, 
therefore  one  is  pretty  well  tied  to  the  time-histories 
expected  or  a  reasonable  class  of  time-histories.  Shock 
spectra  and  Fourier  spectra  are  used  and  help  support  the 
testing  requirements  given  the  constraints  imposed  by  the 
time-histories. 

Figure  2  is  typical  of  test  data  taken  during  a  high 
explosive  test.  It  shows  the  response  in  the  middle  of  a 
rack  of  equipment.  Accelerations  can  range  up  to  about 
12  to  !5  hundred  g's.  The  time  durations  go  out  beyond 
200  milliseconds  Motions  are  largely  horizontal  and 
vertical  with  some  horizontal  motion  normal  to  blast 
direction.  Frequencies  up  to  5  khz  have  been  recorded. 

There  arc  several  ways  to  implement  pulse  genera¬ 
tion.  and  Figure  _>  shows  a  metal  cutting  technique.  A 
cutler  moves  across  ihe  mandrel,  and  the  shape  or  profile 
of  the  metal  to  he  cut  and  the  velocity  of  cutting  deter¬ 
mines  the  force-timc-history  The  Waterways  Experi¬ 
ment  Station. co-dcvcL>pcrx of  this  system,  call  the  metal 
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elements  to  be  cut  "nubbins”.  The  grooves  cut  in  the 
nubbins  transmit  forces  to  the  test  article. 

Aluminum  “nubbins”  for  the  Department  of  Energy 
were  built  which  produced  50,000  pounds  of  force  in  40 
milliseconds,  and  with  six  nubbins  in  a  series,  a  two-story 
building  as  big  as  a  football  field  was  excited.  The  mode 
shapes  of  the  building  were  extracted  from  the  building 
motion.  If  the  “nubbins”  had  been  made  of  steel,  about 
100,000  pounds  of  force  would  have  been  produced. 

Figure  4  shows  a  schematic  of  the  system  for  the 
Department  of  the  Army  (the  Harry  Diamond  Laborato¬ 
ries,  and  the  Ballistic  Research  Laboratory).  The  test 
article  is  held  in  a  modified  equipment  rack  which  has  a 
force  link,  a  row  of  “nubbins”and  the  cutter.  A  hydraulic 
rani  is  employed  to  drive  the  “cutter”  but  gas  rams  have 
been  used  in  the  past  for  much  higher  speeds.  Speeds  on 
the  hydraulic  ram  run  about  100  inches  per  second,  but 
about  1 ,000  inches  per  second  can  be  obtained  with  a  gas 
driver.  These  higher  speeds  permit  very  high  frequency 
excitation.  The  system  is  biaxial  but  a  third  axis  can  be 
added  if  field  tests  so  justify. 

Figure  5  is  a  picture  of  the  machine  that  is  currently 
in  development.  The  hydraulic  ram,  the  cutter,  the 
mandrel  with  the  “nubbins",  what  is  called  a  “quadra- 
pod”  that  carries  the  load  into  the  test  structure,  and 
equipment  under  test  comprise  the  test  machine.  The 
same  is  repeated  for  the  vertical  direction. 

For  a  high  impedance  load,  like  a  wall,  rectangular 
cuts  are  obtained  (Figure  6),  but  if  against  a  low  impe¬ 
dance  source,  then  the  load  and  source  interact  and  you 
do  ndt  get  perfect  cuts  unless  you  compensate.  Compen¬ 
sation  both  for  the  load  impedance  and  for  the  source 
impedance  with  the  algorithm  can  be  made  so  as  to 
produce  more  optimal  responses. 

We  were  fortunate  to  have  a  peer  review  when  we 
started  looking  at  this  machine  for  a  possible  application 
to  pyrotechnic  shock,  both  by  the  Aerospace  Corporation 
and  TRW.  Figure  7  shows  a  series  of  “nubbins"  that  run 
about  one-half  a  millisecond  up  to  about  two  milliseconds 
on  the  test  machine  (Figure  5).  They  are  geometrically 
spaced  so  as  to  get  a  fairly  decentjrequency  spectrum. 
The  test  was  only  run  in  the  horizontal  direction  which  is 
given  by  an  accelerometer  on  the  equipment  under  test. 
This  series  of  forces  were  measured  by  the  load  cell,  and 
the  test  racks  are  interacting  with  the  input  forces.  What 
led  into  this  consideration  for  pyrotechnic  shock  appli¬ 
cation  was  that  in  one  of  the  calibration  tests  using  an 
arbitrary  series  of  pulses,  an  acceleration-time-history 
was  obtained  which  appeared  to  be  a  credible  simulation. 
These  data  are  shown  in  Figure  8  with  peak  accelerations 
of  1200  g’s  and  a  time  duration  of  40  milliseconds. 
Frequency  ranges  to  10.000  Hz  as  shown  in  the  Fourier 
magnitude  plot. 

Our  plans  arc  to  start  looking  into  simulating  pyro¬ 
technic  shock.  Initially,  we  arc  not  going  at  it  with  the 
approach  to  meet  a  shock  spectrum;  it  would  be  prefera¬ 


ble  to  first  get  pulse  trains  to  match  the  predicted  equip¬ 
ment  acceleration  time-histories  as  closely  as  possible 
and  then  look  at  the  shock  spectra  and  tweak  beyond 

that. 
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DISCUSSION 

Dr.  Rubin  (The  Aerospace  Corporation):  With 
the  time-history  simulation  you  will  run  into  the  problem 
that  we  run  into  all  the  time.  The  army  requirement  is  for 
a  specific  truck,  a  specific  rack,  a  piece  of  equipment  at  a 
specific  location,  and  you’ve  got  a  time-history.  We  do 
not  have  that.  Equipment  can  move  around,  it  can  be  on 
this  spacecraft  or  that  spacecraft.  There  is  no  single  time- 
history.  When  you  look  at  it  from  that  standpoint  you  are 
forced  to  a  spectrum  type  of  description.  You  can  think 
about  it  in  the  time-history  domain  and  start  that  way; 
but,  when  you  have  the  variability  in  where  you  can 
locate  equipment,  then  the  time-history  does  not  mean 
anything  except  for  one  specific  case. 

Dr.  Safford:  Yes,  I  would  agree  with  you.  I  think 
the  correct  approach  is  to  look  at  the  time-history  and 
generate  the  first  spectra,  and  then  start  looking  at  the 
variation  around  there.  I  think  that  would  probably  be  a 
solution  with  the  people  that  set  the  criteria. 

Voice:  I  do  not  believe  that  I  understand  it  very 
well,  but  are  you  able  to  generate  negative  forces  with 
that  system? 

Dr.  Safford:  Yes,  wejust  put  the  pulse  machine  on 
the  opposite  sides  of  the  structure  so  we  have  two  of  tHfin 
in  there,  and  they  pull.  They  both  pull,  but  they  are  time 
sequenced  to  achieve  positive  and  negative  forces. 
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FIGURE  1.  OPTIMIZING  PROCEDURE  FOR  PULSE  EXCITATION  IN  LABORATORY 
OF  COMMUNICATIONS  EQUIPMENT  TO  MATCH  MOTIONS  INDUCED  BY 
AIR  BLAST  LOADS  ON  TWO  AND  ONE-HALF  TON  COMMUNICATIONS 
TRUCK 
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ACCELERATION-TIME  HISTORIES  Cf  EQUIPMENT 
NT  SHOCK  MOTIONS  AS  OBJECTIVE  FUNCTIONS 
ATCHED  BY  PULSE  PROCEDURE  OF  FIGURE  I 


FIGURE  3,  SCHEMATIC  OF  FORCE  PROFILE  GENERATION  BY 
METAL  CUTTING 


FIGURE  A.  SCHEMATIC  OF  BIAXIAL  COMPONENT  SHOCK  SIMULATOR  i 
(Typical  Performance  200  m  sec  duration, 

3000  g  peak,  0  to  10  kHz) 


bURE  6.  BIAXIAL  COMPONENT  SHOCK  SIMULATOR  I  (CSSI ) 
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FIGURE  7.  PULSE  TRAIN  CALIBRATION  TEST  AGAINST  A  HIGH  IMPEDANCE 
LOAD  (A  cuts,  each  1/A  In.  wide  x  1  in.  long  x 
0.006  in.  deep,  aluminum  nubbin) 


FIGURE  8.  TEST  PULSE  TRAIN  FOR  CSS  I  FIGURES  5  AND  6 


FIGURE  9(a) .  Fourier  Magnitude 
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FIGURE  9(t)).  Acceleration-Time  History 

FIGURE  9.  CSSI  TEST  SHOWING  SIMILARITY  TO  PYROTECHNIC  SHOCK 
(Input  of  seven  1  msec  force  pulses  ot  1500  lb? 
each,  eauioment  acceleration  1221  g  ekjx,  155  g 
rras,  AO  msec  duration) 


Discussion 


Mr.  Rubin  (The  Aerospace  Corporation):  With  the 
tine-history  similation  you  vlll  run  into  the 
problem  that  we  run  into  all  the  tine.  The  A ray 
requirement  is  for  a  specific  truck,  a  specific 
rack,  a  piece  of  equipment  at  a  specific 
location,  and  you  got  a  time  history.  Ve  do  not 
have  that.  Equipment  can  nove  around,  it  can  be 
on  this  spacecraft  or  that  spacecraft.  There  is 
no  single  tine-history.  When  you  look  at  it 
from  that  standpoint,  you  are  forced  to  a 
spectrum  type  of  description,  "ou  can  think 
about  it  in  the  time-history  domain  and  start 
that  way;  but,  when  you  have  the  variability  in 
where  you  can  locate  equipment,  then  the  time- 
history  does  not  mean  anything  except  for  one 
specific  case. 

Mr.  Safford;  Tea,  1  would  agree  with  you.  I 
think  the  corect  approach  la  to  look  at  the 
time-history  and  generate  the  first  spectra,  and 
then  start  looking  as  the  variation  around 
there.  I  think  that  would  probably  be  a 
solution  with  the  people  that  set  the 
criteria. 

Voice i  I  do  not  believe  that  I  understand  it 
very  well,  but  are  you  able  to  generate  negative 
forces  with  that  system? 

Mr.  Safford:  tea,  we  Just  put  the  pulse  machine 
on  the  other  aide  so  we  have  two  of  them  in 
there,  and  they  pull.  They  both  pull,  but  they 
*r  .ibc  sequenced. 
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SUMMARY  OF  TESTING  TECHNIQUES 
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Dan  Powers 

McDonnell  Douglas  Astronautics 
Huntington  Beach.  CA 


I  have  tried  to  survey  some  of  the  approaches  that  have  been 
used  to  simulate  pyrotechnic  shock  over  the  last  20  years.  I 
have  already  learned  of  a  few  new  ones  today.  1  am  going 
to  be  talking  basically  about  two  approaches:  (1)  the  use  of 
flight  structures  or  flight-like  structures  and  (2)  general-pur¬ 
pose  machines  that  can  be  used  to  simulate  a  pyrotechnic 
shock  environment  that  was  generated  from  a  wide  range  of 
vehicles. 


One  question  is  often  asked-why  don’t  we  just  use  the  device 
itself  to  provide  the  shock?  If  we  use  the  device  itself  we  are 
producing  a  flight  environment,  not  a  qualification  level  that 
would  normally  be  higher.  To  compensate  for  this  lower 
level,  we  could  perform  a  flight-level  test  three  time  o  gain 
confidence.  Some  people  in  the  past  have  fired  the  flight 
device  three  times  in  a  flight  structure  and  qualified  the 
he'dware  that  way.  If  the  flight  structure  and  an  inexpensive 
ordnance  device,  such  as  a  “pin  puller"  or  a  separation  nut 
or  bolt,  are  available,  this  may  be  a  valid  approach.  How¬ 
ever,  what  happens  when  you  have  a  stage  separation  and 
the  structure  itself  costs  $50,(XX)  or  $I(X),(XXI?  After  you  biow 
it  apart,  only  a  flight  environment  has  been  produced  with 
no  qualification  margin.  'I  nis  is  part  of  the  problem  with 
using  the  device  itself. 


Art  Ikola  from  Lockheed  developed  a  concept  many  years 
ago,  and  he  called  it  the  “Barrel  Tester."  We  at  McDonnell 
Douglas  read  his  paper  and  we  designed  a  different  barrel 
tester.  Figure  I  shows  the  equipment  compartment  MDAO 
used.  The  equipment  compartment  separated  from  a  Gemini 
spacecraft  with  two  strips  of  flexible  linear  shaped  charge 
cutting  0.09-inch-thick  material-thc  flight  separation  joint  is 
shown  in  Figure  2.  High-magnitude  shock  was  transmitted 
into  the  unpressurized  compartment  in  which  all  of  the  elec¬ 
tronics  were  mounted.  Figure  3  shows  the  change  we  made 
so  the  apparatus  would  he  reusable  and  attain  a  6-dB  qual¬ 
ification  margin.  We  replaced  the  (light  joint  and  left  the 
flight-like,  unpressurized  compartment  under  it.  We  used  h 
very  rigid  backup  block,  cut  a  groove  in  it.  and  put  flexible 
linear  shaped  charge  of  various  grain  sizes  in  the  groove.  We 
changed  the  separation  sheet  thickness  and  varied  that  until 
we  attained  the  needed  b-dB  margin  on  the  pressurized  com¬ 
partment.  We  would  then  mount  the  part  at  its  actual  flight 
location  and  fire  the  charge. 


Figure  3.  Equipment  Bay  Separated  From  Gemini  B 


separation  to/nt  :  so/*  rase  alutwoti 

EORSIHG  .090  TmCH  COT  W/ TH  TWO  PARALLEL, 
r LEX, OLE  LINEAR  SHARED  CHARGES  SILVER 
SHEATHED  CURAT,  7  ORAIHJ /ROOT 


Figure  2.  Flight  Joint 
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SEPARATION  TOiNT:  20/4-  T&  ALUMINUM 
SHEET  .090  TWCH  CUT  WITH  FLEXIBLE 
LINEAR  SHAPED  CHARGE.  LEAD  SHEATHED 
RDX ,  /o  GRAINS /TOOT  ' 


Figure  5.  Viking  Landing  •  Electronics  Bay 


Figure  3.  Barrel  Taitor  Joint 


Figure  4  shows  another  concept  for  using  flight-tike  or  flight 
spacecraft.  I  took  this  directly  from  Stan  Barrett’s  (Martin- 
Marietta)  paper;  it  shows  the  appearance  of  the  Viking  Lan¬ 
der.  The  centra!  bay  housed  all  of  the  electronics  Figure  5 
shows  the  bay  that  Stan  used  for  the  test  bed.  He  listed 
numerous  ordnance  devices  in  his  paper  and  the  correspond¬ 
ing  shock  response  spectra.  He  placed  an  ordnance  charge 
at  the  “pyre  source"  and  by  varying  the  quantity  could  obiain 
margin  over  flight  devices. 


Anoiher  group  at  Martin-Marietta  produced  a  device  they 
called  “Flower  Pots".  The  "Flower  Pot"  was  a  piece  of  3-in.- 
dumeter  steel  pipe  with  a  2-in.  inside  diameter  4  in.  long 
with  a  0.5-in.  steel  base  plate  welded  to  the  bottom  of  it. 
The  "Flower  Pot”  was  mounted  at  the  location  from  which 
the  pyrotechnic  shock  source  came.  The  desired  spectrum 
was  attained  by  varying  the  charge  size  inside  the  “Flower 
Pot".  As  with  the  Barrel  Tester,  they  mounted  the  com¬ 
ponent  in  the  actual  flight  location  and  with  the  increase  in 
charge  size  it  enabled  them  to  get  a  6-dB  margin.  On  the 
same  program  JPL  used  pneumatically  activated  pistons  to 
impact  an  anvil  and  generate  the  required  shocks. 


Figu n  4.  Viking  Lender  Configuration 
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Figure  6  shows  TRW's  approach.  It  is  somewhat  like  Boh 
Morse’s  resonant  plate.  It  is  just  an  anvil  on  the  flight-like 
structure.  A  slide  hammer  is  raised  to  various  heights  and 
impacts  on  a  fitting  where  the  flight  ordnance  device  is  nor¬ 
mally  installed.  They  were  able  to  achieve  a  6-dB  margin  at 
the  various  flight  locations. 


Figure  6.  TRW  -  Shock  Simulator 


With  the  previously  described  apparatus  you  generate  the 
right  shock  environment,  but  you  generate  it  only  for  a  cer¬ 
tain  vehicle  because  the  flight-like  structure  responds  only 
for  that  particular  vehicle  It  was  not  practical  to  build  a 
shock  machine  for  each  vehicle.  We  wanted  to  build  an  ap- 
parnlus  that  was  more  generally  useful  so  we  utilized  the 
concept  of  the  "Barrel  tester”  joint.  We  took  a  dal  piece 
of  steel.  S  ft  long.  0.5  in.  thick,  ami  A  ft  wide  and  put  a 
separation  joint  on  each  etui  the  V  joints  provided  a  means 
to  change  the  flexible  linear  shaped  charge  size.  In  tins  way 
wr  could  reach  100  grains  per  loot  on  one  end  and  as  low 
as  10  grains  per  loot  on  the  other  end  with  various  thickness 
sheets  Figure  7  is  a  photograph  of  the  |omt  the  flexible 
linear  shaped  charge  fits  in  the  V-casitv  the  separation 
sheet  thickness  and  charge  size  is  varied  to  produce  the  de¬ 
sired  spectrum  At  that  time  I  |UT’).  we  did  not  have  the 
intelligence  to  really  do  wli.-u  Neil  Havre  (Sandi.r-  has  just 
presented  and  the  problem  as  I  mentioned  earlier,  was  that 
#c  could  vary  the  magnitude  of  the  shock  response  spectrum, 
but  were  restricted  to  rhe  rcsimame  freijtiencv  ot  the  plate, 
i  c  ,  we  could  not  change. the  shajsc  •>(  the  spectrum,  onlv 
the  amplitude 

Figure  K  shows  the  test  setup  for  a  gsrn  package  Inaxial 
tsloeks  were  mounted  diagonally  on  opposite  cornels  and  an 
ensetope  ot  the  maxi  max  response  spectra  was  generated 
Figure  shows  that  live  minimum  requirement  was  .net  but 


Figure  7.  Flat  Plate  Joint 


Figure  8.  Gyro  Package  on  Flat  Plate 


the  fvdli  tolerance  was  exceeded  at  die  toss  i  nil  1  his  is  rc.ilts 
the  envelope  of  the  maxi  max  stunk  response  spectrum  from 
all  ihrcc  axes 


We  found  in  the  past,  a  compression  w.,sc  iimts*s  through 
the  plate  as  the  explosive  charge  gm-s  olf  Ihiv  wave  was  of 
sufficient  magnitude  to  break  oft  stamiarsl  til  i’  .n i elen* 
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meter  mounting  studs.  Figure  10  is  the  approach  we  use  to 
keep  our  accelerometers  on.  We  went  to  a  1/4  -  28  thread 
and  bolted  it  all  the  way  through  the  plate  and  then  wc 
mounted  the  accelerometer  directly  to  that  solid  stud. 


APPLY  JM  CO.  EC-221* 
CEMENT  TO  THESE  SURfACES 
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Figure  10.  Accelerometer  Mounting 


Figure  11  shows  a  concept  that  TRW  uses  for  simulating 
pyrotechnic  shocks.  It  is  a  strain  energy  machine.  The  test 
article  is  mounted  on  top  of  a  large  block.  Damping  pads 
are  on  the  side  of  the  block,  and  a  metal  coupon  is  attached 
to  the  block.  A  hydraulic  cylinder  is  pressurized  until  the 
coupon  fractures.  When  the  coupon  fractures,  a  large 
amount  of  strain  energy  is  released,  it  travels  through  the 
block,  the  block  resonates,  and  the  test  article  is  subjected 
to  a  high-level  transient.  The  main  problem  with  this  machine 
is  shaping  the  spectrum. 


Figure  12  shows  a  rather  imtisu.il  concept  lor  simulating  pyr¬ 
otechnic  shock  Richard  Snell  Irom  McDonnell  Douglas  lias 
used  it  in  his  fracture  mechanics  w  ork  I  Ic  has  mounted  some 
accelerometers  mid  some  strain  gages  on  phoioelasfic  sam¬ 
ples.  A  large  capacitive  discharge  bank  can  produce  .Ulfl.OtKl 
g‘s  in  periods  of  2  icscc  It  has  a  Rogowski  coil,  ami  whr-i 
the  capacitor  hank  is  discharged,  it  sends  two  plates  together 
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Figure  12.  Stress  Wave  Generator 

to  generate  an  extremely  short  and  high  force  transient  that 
is  transmitted  to  the  test  article. 


Figure  13  shows  the  clcctrodynamic  shaker.  The  people  in¬ 
volved  in  digital  vibration  control  have  new  ways  of  pro¬ 
gramming  to  meet  a  shock  spectra,  but  a  skilled  technician 
can  still  equalize  a  spectrum  faster  than  any  digital  system  I 
have  yet  seen. 


Figure  It  lists  current  problems  in  simulating  pyrotechnic 
shock.  Hank  t.uhrs  (TRW)  discussed  the  ililfcrcnces  iti  the 
actual  pyrotechnic  shock  environment  and  why  u  differs  on 
shakers  Some  of  the  reasons  are  lisicd  here  The  input  path 
to  the  part  is  jusi  not  ihc  same  with  she  pyrotechnic  shock 
transient  as  u  is  im  a  shaker  or  a  drop  tester  As  ihc  pyro¬ 
technic  shock  transients  go  through  a  shell,  only  one  fool  of 
a  black  !>ov  is  loaded  at  a  lime,  all  four  lecl  are  not  hit 
simultaneously  Die  duration  of  the  input  is  much  shorter, 
maybe  10  to  15  msec  m  a  pyrotechnic  shock  ami  typically  50 
to  fro  msec  on  a  shaker  Ihc  impedance  ol  tight  bracketrv 
m  flight  spacecraft,  where  equipment  is  usually  mounted  on 
thin  panels,  is  different  from  ihc  impedance  of  a  shaker 
where  Ihc  equipment  ts  mounted  on  a  KM  to  4tM  th  arma¬ 
ture  Ihc  velocity  content  of  ihc  pvroicchnie  shuck  is  much 
less  ilia;  ihc  shisck  machine  Ihc  lest  Hern  absorbs  levs  kmctic 
energy  The  sehv.lv  of  stack  propagation  is  lower  tho!  the 
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1.  The  input  path  to  the  part  is  not  the  same  with  the  pyrotechnic 
transient  as  it  is  with  a  shaker  or  drop  tester. 

2.  The  duratfpn  of  the  Input  is  much  shorter  with  the 
pyrotechnic  transient 

3.  The  impedance  of  the  in-flight  bracketry  is  much  less  than  it 
is  on  any  of  the  shock  machines. 

4.  The  velocity  content  of  pyroshock  is  much  less  than  that  of 
shock  machines  and  consequently  the  part  absorbs  less 
kinetic  energy  In  a  pyrotechnic  shock. 

5.  The  velocity  of  crack  propagation  is  tower  than  the  velocity 
of  the  extensions!  wave  through  the  material;  consequently, 
cracks  that  are  formed  do  not  nave  time  to  grow  before  the 
wave  has  passed  on  and  the  stress  has  been  removed. 

6.  For  vary  short  putses,  fractures  may  occur  In  one  area 
completely  independent  of  what’s  happening  In  the  rest  of  the 
part  and  complete  failure  will  not  occur. 

7.  The  ultimata  strength  of  materials  increases  significantly 
with  increases  in  strain  rates.  It  is  the  job  of  the  test  engineer  to 
choose  a  method  that  will  produce  the  same  failure  that  would 
occur  In  the  field. 

Figure  14.  Reasons  Why  Shock  Simulation  May  Produca 
Different  Failures  Than  the  Actual  Pyrotechnic 
Event 

extensional  wave  through  the  material,  consequently  the 
cracks  which  form  do  not  have  time  to  grow.  I  showed  the 
slide  on  the  output  of  a  strain  gage  that  was  located  very 
near  the  source.  The  rate  of  change  of  strain  was  2400  pin./ 
in. /sec.  In  Kolsky’s  book  on  solids,  he  shows  the  ultimate 
strength  of  a  material  can  go  from  50,000  to  80,000  psi  when 
subjected  to  strain  rates  of  1000  pin./in./see.  When  we  are 
talking  about  pyrotechnic  shock,  we  are  definitely  in  this 
region.  Now  I  will  ask  the  audience  to  add  to  the  list  anything 
they  think  I  may  have  missed. 

Discussion 

Mr.  Morning  ( The  Aerospace  Corporation):  Arc  there  any 
advantages  that  you  see  of  using  an  explosively  driven  plate 
over  a  hammer  excited  plate? 

Mr.  Powers:  Let  me  answer  that  with  another  question.  Why 
do  transducers  fail  when  1  put  them  on  my  explosively  driven 
plate,  and  why  don't  they  fail  when  hit  with  a  hammer? 

Mr.  Moening:  I  suspect  the  reason  is  that  the  explosively 
driven  plate  has  much  more  of  the  ultra  high  ficqucncy. 

Mr.  Powers:  This  is  correct,  actually  the  same  thing  happens, 
in  an  actual  stage  separation.  That  high  frequency  is  there. 

Mr.  Moening:  You  arc  reinforcing  a  feeling  that  I  had  (hat 
for  some  limited  applications  that  is  where  you  have  a  com¬ 
ponent  mounted  very  near  the  ordnance  device. 

Mr.  Powers:  That  is  right.  If  you  are  in  area  I  (Neil  Davie's 
presentation),  then  you  have  to  realize  that  it  is  a  different 
phenomenon  than  if  you  arc  174  in.  away  and  sitting  on  a 
single-degree-of-frccdom  system.  I  sim  talking  about  levels 
of  20,000  or  30,000  thousand  g's  not  something  12  or  13 
hundred  g's.  But  there  is  a  difference.  If  you  are  smart 
enough,  you  do  not  put  electronic  equipment  in  a  20,(MX)-g 
environment  even  though  we  have  qualified  items  to  2<).(KM) 

g's- 


Figures  15  and  16  show  an  acceleration  history  and  its  as¬ 
sociated  shock  spectra  near  a  flight  separation  joint.  Figure 
17  and  18  show  comparable  plots  on  mounting  bracketry  174 
in.  away.  The  transient  shown  in  Figure  17  certainly  does 
not  look  like  a  pyrotechnic  transient  but  it  is.  The  difference 
is  that  the  accelerometer  is  mounted  far  enough  away  from 
the  source  that  it  responds  to  the  “classical"  structural  modes 
and  not  to  the  longitudinal  compression  and  tension  waves. 


Figure  15.  Acceleration  History  3  Inches  From 
Sepration  Joint 


Figure  16.  Shock  Response  Spectra  Near  the  Separation 
Plane  (100,000  g's  at  10  kHz) 


139 


Figure  17.  Acceleration  Hittory  174  Inches 
From  Sepration  Joint 


Figure  18.  Shock  Response  Spectre  176  Inche*  From  the 
Separation  Rene  ( 1800  g'»  et  1 100  Mj) 
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Mr  Moaning:  (The  Aerospace  Corporation);  Are 
there  any  advantages  that  you  see  of  using  an 
explosively  driven  plate  over  a  hammer  excited 
plate? 

Mr.  Povers:  Let  me  answer  that  with  another 
question.  Why  do  transducers  fall  when  I  put 
them  on  ny  explosively  driven  plate,  and  why 
don't  they  fail  if  I  hit  it  with  a  hammer? 

Mr.  Moenlng:  I  suspect  the  reason  is  that  the 
explosively  driven  plate  has  much  more  of  the 
ultra  high  frequency. 

Mr.  Powers:  That  is  correct;  actually  the  same 
thing  happens,  for  instance,  in  a  separation. 
That  high  frequency  is  there. 

Mr.  Moenlng:  You  are  reinforcing  a  feeling  that 
I  had  that  for  some  limited  applications  that  is 
where  you  have  a  coaponent  mounted  very  near  the 
ordnance  device. 

Mr.  Powers:  That  is  right.  If  you  are  in  area 
I,  as  Neil  says  then  you  have  to  realize  that  it 
is  a  different  phenomena  than  if  you  are  IJh 
inches  away  and  sitting  on  a  single  degree  of 
freedom  system.  Now  again,  I  am  talking  about 
levels,  of  maybe  20,000  or  30,000  thousand  g’s 
not  something  12  or  13  hundred  Os.  But  there  is 
a  difference.  If  you  are  smart  enough,  you  do 
not  put  electronic  equipment  in  a  20,000  g's 
environment  even  though  we  have  qualified  stuff 
to  30,000  g's. 
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